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                                   SUMMARY 
 
     The Cre-loxP system executes DNA recombination between two loxP sites by a site-
specific DNA recombinase, Cre. It has been widely used in mouse genetics for conditional 
transgenic and genome modification. However, little work has been done to apply the Cre-loxP 
system to zebrafish.  In the present study, we attempt to test the Cre-loxP system for germline 
excision of transgene in zebrafish.  
         To find a germ cell-specific gene promoter for generating transgenic zebrafish, the egg 
membrane protein gene zp3 was targeted as it is specifically expressed in early oocytes in 
female fish. A 12.5 kb zp3 genomic clone was isolated and sequenced completely. It contained 
three tandem-repeated zp3 genes named zp3.1, zp3.2 and zp3.3. By searching in zebrafish 
genome database, we found that both zebrafish zp2 and zp3 genes exist as clusters in 
chromosomes 20 and 21 respectively. Several closely related zp2 and zp3 subfamilies were 
also identified in the zebrafish genome, including two new zp2 variant genes (zp2v1 and zp2v2), 
and two new zp3 variant genes (zp3v1 and zp3v2). In addition, two other divergent zp3 genes 
(zp3a and zp3b) and one zpa gene are also present in the Genebank database. These closely 
related genes have different chromosome locations, but clusters of zp2, zpa and zp3a exist in 
the same chromosome 20. As multiple copies of zp2 and zp3 genes exist as tandem repeats in 
the zebrafish genome, real-time PCR was used to estimate their copy numbers. There are 
12.6±2.1 copies of zp2 and 19.4±1.6 copies of zp3 in a haploid genome.  The expression levels 
of zp2 and zp3 genes in the ovary were about 103~104 times higher than those in other tissues. 
Unlike the liver-expressed female-specific vitellogenin genes whose expression was induced 
by estrogen, the ovary-expressed zp2 and zp3 were insensitive to the estrogen induction. 
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Consistent with this, no estrogen response element (ERE) was found in zp2 and zp3 gene 
promoters. 
     As zp3 genes exist as tandem repeats in the zebrafish genome, it is not clear whether an 
individual zp3 gene promoter or a locus control region is required for the oocyte-specific 
activation. By sequence analysis, we found that an individual zp3 gene promoter contained 
many typical cis-elements for oocyte-specific transcription, including E-boxes and binding 
sites for Oct-4 and Osp-1 etc. To test the functionality of an individual zp3 gene promoter, the 
5’ flanking region of zp3.2 gene was used to generate stable gfp transgenic lines. Two zp3:gfp 
transgenic zebrafish lines were generated. Faithful oocyte-specific GFP expression was 
observed in the zp3:gfp transgenic zebrafish, consistent with the endogenous zp3 expression 
pattern. The effect of estrogen on gonad development and sex differentiation of zebrafish was 
tested with zp3:gfp transgenic zebrafish. We found that estrogen induced earlier ovary 
development at 14 dpf (days post fertilization), in comparison with the normal ovary 
development at 21 dpf. In addition, estrogen treatment resulted in reduced fecundity and 
fertility of female zebrafish. 
      To test the possibility of germ-line excision of transgene by the Cre-loxP system in 
zebrafish, we made two DNA constructs: a loxP reporter construct, pKRT-LGLR with loxP-
flanked gfp followed by rfp under the control of a skin-specific krt8 promoter; and a Cre 
expression construct, pZP3-CRE, containing the cre gene under the control of the zp3 promoter. 
Both GFP and RFP expression was observed in zebrfish embryos co-injected with the two 
constructs, indicating the effective Cre-loxP recombination in the transient transgenic 
expression system. To develop a zp3:cre transgenic line for demonstration of germline excision, 
pZP3-CRE was co-injected with pKRT8-LGLR into zebrafish embryos. By PCR screening, a 
zp3:cre transgenic zebrafish line with co-integrated pKRT8-LGLR DNA was found. Maternal 
and oocyte-specific expression of cre mRNA was detected in the female transgenic fish; 
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however, no expected expression of GFP (before excision) or RFP (after excision) was 
observed in the transgenic offsprings from either transgenic mother or father. By PCR analysis 
of this transgenic line, we did find the Cre-mediated excision of loxP-flanked gfp. The non-
expression of the downstream rfp gene was due to an unexpected insertion of a 40-bp DNA 
fragment that caused a reading frame change of the rfp gene. By injection of pKRT-LGLR, 
excision of loxP-flanked gfp in the zp3:cre embryos was observed as evident from co-
expression of both RFP and GFP. To test the potential of the Cre-loxP system for excision of 
chromosomal DNA by a chromosomal integrated cre gene, we crossed the zp3:cre female fish 
with a mylz2-GFPloxp male that contain an integrated gfp transgene flanked by two loxP sites, 
but the Cre-mediated excision of loxP-flanked gfp was not detected in F2 fish derived from the 
double transgenic female. Thus, the efficiency of chromosomal excision appeared not as high 
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1.1 Zebrafish embryonic development and sex differentiation 
1.1.1 Zebrafish as an experimental model  
       As a model animal, the zebrafish offers many advantages in developmental biology 
and genetics research. First, the zebrafish has excellent features for research on early 
development, the embryo development is external and embryos are transparent, making it 
easier for visualization of internal organs during development. Embryonic development is 
rapid, and most organ rudiments including a compartmentalized brain, eyes, ears and many 
internal organs are formed within two days of fertilization. The zebrafish larvae are able to 
swim and search for food as soon as five days after fertilization. Second, the short 
generation time of zebrafish makes it suitable for genetic and transgenic research. Zebrafish 
can reach sexual maturity in about three months, and female can spawn all year round and 
produce more than 200 eggs in one spawning. So a large number of embryos can be 
obtained for experiment virtually on a daily basis. Third, there are many available mutant 
strains and transgenic lines, which can be applied to functional genetic studies. Zebrafish 
also have a number of unique features that facilitate genetic analysis, inbreeding schemes 
and stock keeping. Lastly, the whole genome sequencing project will be completed very 
soon, making the zebrafish a better model for molecular analysis.  
      In recent years, the zebrafish has also been promoted as a model for human disease 
(reviewed by Barut and Zon, 2000; Ward and lieschke, 2002; Langenau and Zon, 2005). 
Many mutant phenotypes identified in the mutagenesis screens are reminiscent of human 
clinical disorders, such as sauternes (sau) in haematopoiesis, cardiac mutant (gridlock) in 
cardiac and renal development (reviewed by Barut and Zon, 2000), pkd2 and vhnf1 (or 
transcription factor 2) in PKD (polycystic kidney disease), and the weissherbst mutant 
indicate the roll of ferroportin (iron transporter) gene in anaemias (Zon and Peterson, 2005).  
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         The value of the zebrafish system as a model to study human disease has been 
effectively improved with the availability of new reverse genetic tools such as antisense 
morpholino (MO) and TILLING (Targeting induced local lesions in genomes). The 
morpholinos are oligonucleotides with a stable morpholine backbone that inactivate gene 
function by either blocking translation or preventing correct splicing of pre-mRNAs 
(Rubinstein, 2003). The MO technique is widely applied in developmental biology by 
knock-down of the targeted gene function. TILLING is a good and alternative approach for 
generating targeted gene mutations. This approach combined with chemical mutagens 
[EMS (Ethyl Methanesulfonate), or ENU (N-Nitrose-N´-Ethyl Urea)] was used to generate 
and screen for desired mutations in DNA sequence (reviewed by Stemple, 2004).  
      The zebrafish with its morphological and physiological similarity to mammals, are 
beginning to be used as an in vivo model for drug discovery (reviewd by Zon and Peterson, 
2005). Zebrafish has proved to be well suited for high-throughout-screening (HTS) because 
of its miniature size, large numbers and easy detection of a phenotype of interest. Zebrafish 
are well suited to whole-organism-based small-molecule screens because large numbers of 
embryos can be arrayed in multi-well plates, along with compounds from a chemical 
library (Stern and Zon, 2003. review). Chan et al (2002) explored the use of zebrafish as a 
preclinical model for anti-angiogenesis drug testing. They found that human VEGF 
receptor inhibitor PTK787/ZK222584 prevented angiogenesis in zebrafish embryos, and 
over-expression of the kinase AKT/PKB allowed angiogenesis to occur in the presence of 
the drug. The zebrafish is also an attractive model organism for studying cancers because 
of its genetic accessibility. The neoplasms of fish are quite relevant to human cancer 
biology. At the level of histopathology, fish neoplasms are very similar to human cancers. 
For example, the pancreatic ductal adenocarcinomas developed in zebrafish in the offspring 
of an ENU-mutagenized line show the same nuclear atypia, haphazard gland arrangement, 
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and locally invasive behavior as that of humans (reviewed by Stern and Zon, 2003). The 
induction of tumors is also achieved by introducing the mammalian oncogenes into 
transgenic zebrafish. The induction of clonally derived T cell acute lymphoblastic leukemia 
was detected in transgenic zebrafish by expressing mouse c-myc under the control of the 
zebrafish Rag2 promoter (Langenau, et al., 2003). Thus, the zebrafish as an experimental 
model organism is not only for biological research but also for medical research and drug 
screening. 
1.1.2  Early developmental stages of zebrafish embryo  
       The development of zebrafish embryos can be divided into several stages including: 
the zygote period (0-3/4 hpf), cleavage period (0.7- 2.2 hpf), blastula period (2 1/4 - 5 1/4 
hpf), gastrula period (5 1/4 - 10 hpf), segmentation period (10-24 hpf), pharyngula period 
(24-48 hpf) and hatching period (48-72 hpf) (Kimmel et al, 1995). The developmental 
stages are listed in Figure 1-1. Newly fertilized eggs are in the zygote period until the first 
cleavage occurs about 40 minutes after fertilization. The cleavage stage began from the 
first cell division to the 64 ~cell stage with about six cycles of division. The blastula 
period start from the 128 ~cell stage till 50%-epiboly stage with the formation of the 
blastoderm. The gastrula period began from 50% epiboly stage with the formation of a 
germ ring, and ended at bud stage with the appearance of tail bud (10 hpf). During the 
gastrula period, the major cell arrangement of involution and convergent extensions occur 
to establish the three distinct germ layers (epiderm, mesoderm and endoderm). During the 
segmentation period, somites appeared sequentially in the trunk and tail and the embryos 
elongate. A variety of organs including the central nervous system, the major sensory 
organs, rudimentary forms of the visceral organs and early hematolymphopoiesis, etc is 
developed in this period.  In the first few hours of the pharyngula period, the embryo 
continues the rapid lengthening that started at 15 hpf, and then the rate of lengthening 
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abruptly decreases. Also some important developments can be observed during the 
pharyngula period including the start of fin formation, differentiation of pigment cells, 
formation of the circulatory system and marked behavioral development. During the 
hatching period, the embryo continues to grow at about the same rate as earlier. 
Morphogenesis of many of the organ rudiments is now complete and development slows 
down considerably, with some notable exceptions including the gut and its associated 
organs (Kimmel et al, 1995). 
1.1.3 Sex differentiation in juvenile zebrafish 
      The life cycle of zebrafish can be divided into four periods: embryo (0-3 dpf), larvae (4-
30 dpf), juvenile (31-90 dpf), and adult (after 90 dpf), as shown in Figure 1-2. The gonad 
development during larvae and juvenile period leads to the sex differentiation from 
primordial germ cells (PGCs) of the embryos into male or female gonads of adult zebrafish. 
Primordial germ cells (PGCs) are the progenitors of the gametes, from which the sperms 
and eggs are derived. In teleosts, PGCs are recognized by their large size and by the typical 
electron dense structures that are found in germ cells of different organism (Raz, 2002). 
Most studies of zebrafish germ line development are based on vasa RNA (Olsen, et al., 
1997), which encodes an ATP-dependent RNA helicase of DEAD-box family, and is the 
first molecular marker for this cell linage (Raz, 2002). vasa mRNA is maternally supplied 





Figure 1-1. Developmental stages of zebrafish embryos (Adapted from Kimmel et al, 1995). 
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 Figure 1-2. Sex differentiation periods of zebrafish. Embryo (0-3 dpf), Larvae (4-30 dpf), 
juvenile (31-90 dpf) and adult (after 90 dpf) period. Preliminary ovary appeared at about 14 
dpf and disappeared at about 35 dpf. The juvenile hermaphroditism happened during 21-40 
dpf, the male and female gonad differentiation finished at about 60 dpf (based on Volhard 
and Dahm, 2002; and Uchida et al., 2002).  
 
           The PGCs in zebrafish are specified prior to the formation of the somatic portion of 
the gonad and at a different position and then they migrate from the position where they are 
specified towards the region where the gonad develops (Raz, 2004). Zebrafish PGCs are 
specified in four positions that are randomly oriented with respect to the axis of the embryos 
at the dome stage. After six steps of migration which starts from the dome stage till 24 hpf, 
the PGC clusters are located at the anterior end of the yolk extension, which corresponds to 
the 8th to 10th somite level (Weidinger et al., 1999). The migration of PGCs depends on 
guidance cues from somatic cells, and the directive cues are attractive. The molecules 
responsible for attracting zebrafish PGCs towards their intermediate and final targets is the 
chemokine SDF-1a, a secreted molecule that is expressed in domains defined as attractive 
to PGCs (Raz, 2004). 
       The role of germ cells in zebrafish sex differentiation was also studied by Slanchev et al. 
(2005). By ablation of PGCs with toxin-antitoxin components of the parD bacterial genetic 
system, they found that the germ line had unexpected roles in promoting female 
development as PGC-ablated fish invariably developed as males. By treating the germline-
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depleted fish with estrogen, they found that most fish appear to be females phenotypically 
without gonad structures. But none of the germline-depleted fish were able to induce to lay 
eggs, indicating that the germline is essential for the development of female zebrafish and 
survival of gonads, and the gonadal tissues maybe responsible for maintaining the feminized 
fate of somatic tissue by converting testosterone into estrogen (Slanchev et al., 2005). 
           Sex differentiation of teleost fish is thought to be under control of genetics as well as 
various environmental factors (Nakamura et al, 1998). Patterns of gonadal development are 
different among fish species. Some species are gonochoristic: PGCs differentiate directly 
into female or male germ cells during ontogeny. The gonad anlage gradually arises from 
PGCs and surrounding somatic cells and grows into morphologically differentiated gonads 
during puberty. The sex reversal does not occur in gonochrostic species. Another form of 
gonadal development is hermaphroditism, which includes both simultaneous 
hermaphroditism and sequential hermaphroditism. Most teleost fishes are sequential 
hermaphroditism, such as eels, hagfishes, butterfly fishes, wrasses, parrotfishes, gopies and 
zebrafish.  This developmental pattern includes two kinds of fish: protandrous fishes and 
protogynous fishes. Protandrous fishes develop first as males and only later do they change 
to females, while protogynous fishes such as zebrafish develop as females first and later 
become males (Macck and Senner, 2003). Figure 1-3A shows the ovarian differentiation in 
teleost, Oreochromis niloticus, the ovarian cavity forms before the appearance of synaptic 
oocytes indicate that ovarian cavity maybe a reliable criterion for identifying the gonad as 
an ovary in some teleost fishes. The testicular differentiation is difficult to detect because 
germ cells in gonads destined to become testes usually remain quiescent for a long time. In 
tilapia, spermatogenesis begins at 50-70 days after hatching. In medaka, spermatogenesis 
can be seen in the testes 50 days after hatching. As shown in Figure 1-3B, a slit like space 
extending from the proximal region of the gonad into the central stromal tissue was 
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observed, subsequently, this space became recognizable as the efferent duct during the 
process of testicular development. Thus, formation of efferent ducts is the one of criteria by 






Figure 1-3. Schematic figure of ovarian differentiation (A) and testicular differentiation (B) 
in Oreochromis niloticus (adapted from Nakamura et al, 1998). 
 
    Several exogenous factors, such as hormones, temperature and PH, can affect gonadal 
sex differentiation in fish. Sex reversal in fish induced by steroid hormones had been found 
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in many species since the succeed reversal of medaka with steroid hormones by Yamamoto 
(1969). It has been found that the critical period for hormone induced sex reversal is in 
synchrony with the occurrence of physiological sex differentiation of the gonad (Nakamura 
et al, 1998). Actually, the environmental factors mainly affect the differentiation of germ 
cells in the gonad at the undifferentiated and differentiating stages. The function of 
endogenous hormones may act as endogenous sex inducers during sex differentiation of 
medaka, androgens acting as testicular inducers and estrogens acting as ovarian inducers 
(Yamamoto, 1969). 
         Macck and Senner (2003) have investigated gonadogenesis of zebrafish by 
histological examination of gonad differentiation in developing zebrafish. At 2 weeks post-
fertilization (wpf), PGCs are found in a dorsocaudal position in the body cavity. At 4 wpf, 
the majority of the fish (86%) possessed paired gonads with meiotic germ cells; these 
gonads represent presumptive ovaries. At 5 wpf, 87% of the fish examined had ovaries with 
perinucleolar oocytes. Further development of the gonads in female zebrafish up to 11 wpf 
is characterized by an increase in gonad size as well as in the number and size of 
perinucleolar oocytes. Starting from 5 wpf, some fish show alterations of gonad 
morphology, including a decrease in the number and size of the oocytes, an enhanced 
basophilia and irregular shape of the oocytes, and finally their degeneration into residual 
bodies (Macck and Senner, 2003). 
1.1.4 Developmental stages of oocytes in the ovary of zberafish 
         The female reproductive system of fish is highly variable with a wide range of 
reproductive patterns including oviparity, ovoviviparity and viviparity. The ovary consists 
of ooginia, oocytes and the surrounding follicle cells, supporting tissue or stroma, and 
vascular and nervous tissue (Yoshitaka and Nagahama et al., 1999). Three ovarian types are 
classified according to oocyte developmental patterns (Wallace and Selman, 1981; 
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Nagahama. 1983). The synchronous ovary contains oocytes all at the same developing 
stage and the female fish spawn only once and die later, which can be found in anadromous 
Oncohynchus species. Another group synchronous ovary consists of at least two types of 
oocytes at different developing stages, and teleosts with this type of ovary can spawn once 
a year and have a relatively short breeding season, such as rainbow trout (Oncorhynchus 
mykiss). The asynchronous ovary contains oocytes at all developing stages and species 
with this type can spawn many times during prolonged breeding season, such as medaka, 
goldfish and zebrafish. 
         Oocyte development has been divided into five stages in zebrafish, based on 
morphological criteria and on physiological and biochemical events as shown in Figure 1-4 
(Selman K. et al., 1993). In stage I (primary growth stage), oocytes reside in nests with 
other oocytes (Stage IA, 7-20 μm) and then within a definitive follicle (Stage IB, 20-140 
μm), where they greatly increase in size. The nuclei in these oocytes are large relative to 
the amount of cytoplasm, and the chromosomes begin to condense and proceed through 
prophase in stage IA. In stage IB, oocytes have visible centrally located nuclei within 
transparent follicles. The chromosomes begin to decondense and enter diplotene, where 
they arrest for the remainder of oocyte development. In stage II (cortical alveolus stage, 
140-340 μm), the oocytes are distinguished by the appearance of variably sized cortical 
alveoli and the vitelline envelope becomes prominent. As follicles increase in size and 
cortical alveoli proliferate, oocytes become opaque and the centrally located germinal 
vesicles are difficult to discern. In stage III (vitellogenesis, 0.34-0.69 mm), yolk proteins 
appear in oocytes and yolk bodies with crystalline yolk accrue during this major growth 
stage. The oocytes increase in size at this stage, primarily due to the accumulation of yolk 
proteins. In stage IV (oocyte maturation, 0.69-0.73 mm), oocytes increase slightly in size, 
become translucent, and their yolk becomes non-crystalline as they undergo final meiotic 
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maturation in vivo. Meiosis is reinitiated at this stage, and the germinal vesicle migrates 
toward the oocyte periphery, the nuclear breaks down and the first meiotic division occurs. 
In stage V (mature egg), translucent eggs (approx. 0.75 mm) are ovulated into the ovarian 
lumen and are capable of fertilization (Selman K. et al., 1993 ). 
 
 
Figure 1-4. Stages of oocyte development in zebrafish. IA: pre-follicle stage, nested small 
oocytes; IB: follicle phase stage with centralized GV (white); II: cortical alveolus stage, 
appearance of yolk vesicles in the oocyte and VE (thick black envelope) around the oocyte; 
III: vitellogenesis stage, enlarged oocyte with accumulation of yolk; IV: maturation stage, 
the GV migrated toward the oocyte periphery and nuclear envelope breaks down; V: 
mature egg, translucent and ready for fertilization. GV: germinal vescile. VE: vitelline 
envelope.  
 
1.2 ZP protein family 
1.2.1 Mammalian ZP Proteins 
        The zona pellucida (ZP) is a thick extracellular coat that surrounds all mammalian eggs. 
The sperm must bind and penetrate the thick ZP layer and then fuse with the egg during 
fertilization. Results of in vitro experiments suggest that sperm bind to the ZP in a species-
specific manner, and undergo a form of cellular exocytosis, the acrosome reaction. The 
acrosome reaction allows the bound sperm to penetrate the egg ZP layer and reach the egg 
plasma membrane for fertilization. The ZP layer becomes refractory to binding of free 
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swimming sperm and impenetrable to the bound sperm after fertilization, which can block 
polyspermy (Wassarman et al., 2004).  
      Most ZP proteins are glycoproteins and possess a ZP domain, which consists of ~260 
amino acids and has 8 conserved cysteine (Cys) residues. The mouse ZP consists of three 
glycoproteins: ZP1, ZP2 and ZP3. However, there are four ZP proteins identified in human 
including: ZP1, ZP2, ZP3 and ZPB (Spargo and Hope, 2003; Lefievre et al., 2004). As 
shown in Figure 1-5, the three ZP proteins are glycosylated and contain an N-terminal 
signal peptide,  a ZP domain, a consensus furin cleavage site (CFCS), and a C-terminal 
trans-membrane domain (TMD). In addition, mouse ZP1 has a P (or trefoil) domain just 
upstream of its ZP domain (Jovine et al., 2005). The ZP proteins are synthesized, secreted 
and assembled into ZP concomitantly during oocytes grow. The secreted forms of ZP 
proteins possess N- and O-linked oligosacchrides, and lost the signal peptide and propeptide 
after cleavage at the CFCS and post-translational modifications.  
     The functions of mammalian ZP proteins were well characterized in mice by previous 
researchers (Wassarman, 1999, 2003; Wassarman et al., 2001). In general, all three ZP 
proteins play structural roles in assembly of the ZP during oogenesis, since ZP domain is a 
conserved module for polymerization of extra-cellular proteins. The three mouse ZP 
proteins are organized in a very specific manner in the ZP layer, ZP2 and ZP3 constitute 
long filaments that make up the extracellular coat and ZP1 serves as the cross-linker 
between filaments (Wassarman et al., 2004).  Furthermore, ZP3 is proved to be the primary 
sperm receptor for free-swimming sperms to bind in a species-specific manner, and also the 
acrosome reaction inducer following the sperm-binding to the ZP. ZP2 serves as the 
secondary sperm receptor to which ZP-associated and acrosome-reacted sperm bind. After 
fertilization, changes of ZP2 and ZP3 (zona reaction) probably induced by the contents of 
egg cortical granules may account for the altered behavior of the ZP toward sperm.   
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 Figure 1-5. Schematic representation of primary structures of mouse ZP proteins (ZP1, ZP2 
and ZP3). The polypeptide of each ZP protein is drawn to scale, with the N and C termini 
indicated. Key features of polypeptide, including the N-terminal signal peptide (green), P or 
trefoil domain (yellow), ZP domain (red), CFCS (X), TMD (black), and C-terminal 
propeptide region (blue bar) are depicted. Only putative N-linked glycosylation sites, 
conforming to the strict pattern Asn-X-Ser/Thr-X, where X can be any amino acid other 




1.2.2 Fish ZP proteins 
        Fish egg envelopes (or chorion) also contain ZP protein, which is also named as zona 
radiate protein exists in the inner layer of egg envelope. The egg envelope of fish species is 
much thicker than that of mammalian animals, and most contain micropyles for sperms to 
pass through. The major protein constituents of this ZP layer are also ZP protein or named 
as VE (vitelline envelope) protein. 
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       The primary structure of fish ZP proteins is similar to that of mammalian ZP proteins. 
However, some fish ZP proteins contain an additional N-terminal repetitive domain with 
varied lengths, but lack the glycosylation site and the C-terminal TMD (transmembrane 
domain) (Wang et al., 1999). The function of repetitive domain is not clear yet, although it 
was supposed to be important for chorion hardening after fertilization (Sugiyama and Iuchi, 
2000).  
       The functions of fish ZP proteins were characterized in carp egg by Chang et al. (2002). 
The fish embryos are protected from physical and chemical damages, and microbial 
infection by fertilization envelope (FE). FE is harder and more resistant to proteolysis than 
the chorion of unfertilized egg. The transformation of chorion to FE is activated by the 
cortical reaction of the eggs, which is induced or activated by fertilization. As the main 
components of the inner layer of fish egg envelope, ZP2 and ZP3 protein may play 
important roles in the transformation of chorion to FE. It was found that the 
transglutaminase mediated cross-linking of ZP2 and ZP3 is required for the formation of 
outer layer of FE in carp egg (Chang et al., 2002). However, the detailed functions of fish 
ZP proteins may need further characterization.  
1.2.3 Organization and Expression of ZP genes 
    In mice and human, ZP proteins are encoded by single-copy genes located on 
different chromosomes. However, there are multiple copies of ZP genes in teleost fishes 
such as medaka (Kanamori, 2003), zebrafish, Fugu and carp (Conner and Hughes, 2003; 
Chang et al., 1996, 1997). Spargo and Hope (2003) suggested that ZP proteins are encoded 
by four subfamily genes and named as: ZPA (ZP2), ZPB (ZP1), ZPC (ZP3) and ZPX. 
Phylogenetic analysis indicated that the four major subfamilies of ZP genes evolved before 
the divergence of fish and amphibians, which is in agreement with the observation that the 
paralogues of ZP genes (ZP1, ZP3 and ZPX) have been found in the genomes of various 
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fish species except for ZPA (ZP2) (Spargo and Hope, 2003). In addition, a new ZPD gene 
was found in chicken (Okumura et al, 2004), medaka, fugu (Kanamori et al., 2003) and 
Xenopus (Lindsay et al., 2003; Vo et al., 2003). Thus, there may be a fifth subfamily of ZP 
genes in these species. 
Most ZP genes contain E-box sequences (CANNTG) at about ~200 bas pairs up stream 
of ATG. The E-boxes are involved in oocyte-specific expression of ZP genes by binding 
E12/FIGα hetrodimers (Liang et al., 1997). Furthermore, an ovary-specific, DNA-binding 
protein (~60 KD) was identified that bound to the sequence 5’-G(G/A)T(G/A)A-3’ within 
the first 100 base pairs of the ZP3 promoter (Schickler et al., 1992). In addition, ZP3 gene 
has the same structure with eight exons in most species including: human, mice, carp, 
medaka and zebrafish (Wassarman et al., 2004; Chang et al., 1996; Mould et al., 2001; 
Kanamori et al., 2003), indicating a strong conservation of ZP3 during evolution.  
         The expression of mammalian ZP genes is restricted to the growing oocytes. However, 
chicken ZPB1 is synthesized in the liver under the control of estrogen and transported to the 
follicle via bloodstream (Bausek et al., 2000), and chicken ZPC is synthesized and secreted 
in the granullosa cells surrounding the oocyte (Waclawek et al., 1998). In teleosts, 
expression of ZP genes is found in the ovary, or liver, or both, and the liver-expressed ZP is 
inducible by estrogen (Wassarman et al., 2004; Kanamori, 2000; Hyllner et al., 2001; 
Sugiyama and Iuchi, 1998).  
1.3 Transgenic studies of Zebrafish 
1.3.1 Zebrafish in transgenic research 
       Transgenic technology has been widely used in many species of plants and animals. 
The first stable line of transgenic zebrafish was reported in 1988 (Stuart et al, 1988). The 
plasmid DNA injected into fertilized eggs could be integrated into the genome and be 
transmitted stably to the next generation (Stuart et al, 1988). The use of GFP as a visible 
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marker for transgenic zebrafish study was first reported by Amsterdam et al in 1995. The 
GFP gene under the Xenopus elongation factor 1α (ef1 α) promoter was injected into early 
zebrafish embryos, and ubiquitous expression of GFP was observed in whole zebrafish. 
The GFP expression pattern was also passed to progenies. This study proved the possibility 
of observing transgene expression in living embryos by generating GFP transgenic 
zebrafish although a heterologous promoter was used.  
      Long et al. (1997) established a stable GFP transgenic zebrafish line by using the 
zebrafish gata-1 promoter to drive GFP gene expression. A 6.3 kb 5’ flanking region of 
zebrafish gata-1 gene was fused with gfp and injected into early zebrafish embryos, the 
erythroid specific GFP was detected in most of injected embryos. Stable transgenic lines 
were obtained and consistent GFP expression was observed in different transgenic lines. 
This study indicated the feasibility of recapitulation of endogenous gene expression pattern 
in transgenic zebrafish generated with zebrafish-origin promoter. In recent years, a large 
number of zebrafish genes have been identified and characterized with the progress in 
zerafish genome sequence and EST clones. Also more and more transgenic zebrafish lines 
were generated with GFP or RFP under the control of zebrafish promoters (Gong et al., 
2001). There are also some inducible transgenic zebrafish lines reported recently, such as 
the hsp70: gfp transgenic line where GFP expression can be induced by heat shock or laser 
beam (Halloran et al. 2000).  
1.3.2. Application of transgenic zebrafish 
       There are many applications of living color transgenic fish, especially in 
developmental biology. For example, the GFP transgenic fish system can be used for 
analysis of tissue specific promoters/enhancers, analysis of upstream regulatory genes, 
mutant screening and characterization, and nuclear transplantation. GFP transgenic fish can 
also be used as ornamental fish and bio-monitoring fish (Gong et al. 2001).  
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        Firstly, fluorescent gene expression regulated by a tissue-specific promoter can be 
used to recapitulate the gene expression pattern in living zebrafish and as a living model for 
tracing organ development. Since the initial report by Long et al.(1997) that gata-1 
expression was recapitulated in gata-1:gfp transgenic zebrafish, there are many transgenic 
lines reported. For example, a vasa: egfp transgenic line was applied in tracing PGCs 
(primordial germ cells) of the zebrafish (Krovel and Olsen, 2002), and a L-FABP: gfp 
transgenic line was generated to detect the liver development of zebrafish (Her et al., 2003). 
Huang et al (2001) generated the pdx-1: gfp and the insulin: gfp transgenic lines for 
analysis of pancreatic development in living transgenic zebrafish embryos. In our 
laboratory, several tissue-specific transgenic zebrafish lines were established, such as a fast 
skeletal muscle-specific mylz2:gfp line (Ju et. al, 2003), a epidermis-specific keratin8:gfp 
line (Ju et al., 1999) and a pancreatic exocrine-specific elastaseA:gfp line (Wan and Gong, 
2006). In all these transgenic lines, the transgenic GFP expression pattern is consistent with 
those of the endogenous genes.  
        Secondly, the gfp transgenic zebrafish can also be used in cellular localization and 
nuclear transplantation experiment because GFP expression can be easily traced in cells 
and the gfp transgene can be used as good genetic marker. By constructing GFP fusion 
protein with targeted protein, the cellular localization of the GFP-labeled protein can be 
traced in vivo. Dynes and Ngai (1998) had successfully labeled olfactory neurons in 
zebrafish by express unc-76-GFP fusion protein and found the fusion protein localized 
throughout the neuronal process.   
        Finally, gfp transgenic fish can also be used in mutagenesis screening and 
characterization. Transgenic fishes with GFP expression in specific tissues or organs can be 
used for mutagenesis screening for mutant phenotypes since the GFP labeled organs can be 
easily identified. Xiao et al (2005) generated a transgenic line with GFP labeled retinal 
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ganglion cells (RGCs), in which the labeled RGCs projected mainly into one of the four 
retinorecipient layers of the tectum and into a small subset of the extratectal arborization 
fields. They carried out an ENU-mutagenesis screen in this transgenic line by scoring live 
zebrafish larvae for anatomical phenotypes, and discovered thirteen recessive mutations in 
12 genes. 
1.4 Cre-loxP recombination system 
1.4.1 Conditional gene activation       
         In most of transgenic systems, expression of a transgene is controlled by a 
constitutively functional promoter, expression of a reporter gene under these promoters 
generally have no adverse effect on the normal physiology of the expressing cells. However, 
when a functional gene product affects early development and survival, the host cells may 
not be able to survive embryogenesis and thus a stable transgenic line may never be 
established. To overcome these problems, conditional gene activation systems are required. 
One strategy is to employ an inducible system by using either an inducible promoter (eg. 
heat-shock inducible promoter) or Tet-on/Tet-off system. Another strategy is to use two 
binary transgenic systems such as GAL4-UAS and Cre-loxP. By both strategies, the 
transgene in test remains silent in transgenic organism until it is activated under certain 
conditions (Gong, et al. 2004).  
      In the Tet-Off and Tet-On expression systems, expression from a target transgene is 
dependent on the activity of an inducible transcriptional activator. In both the Tet-Off and 
Tet-On systems, activity of the transcriptional activator can be regulated reversibly and 
quantitatively by exposing the transgenic animals to varying concentrations of tetracycline 
(Tc), or Tc derivatives such as doxycycline (Dox). The Tet-Off and Tet-On systems are 
complementary. In the Tet-Off system, the transcriptional activity is inactivated in the 
presence of Tc or Dox, while in the Tet-On system, the transcriptional activity is activated 
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in the presence of Dox. The Tet-on and Tet-off system has been widely applied in 
transgenic mice (Lewandoski, 2001). In zebrafish, conditional expression of a heart-specific 
GFP by tetracycline (Tet)-on system was reported recently (Huang et al., 2005). The most 
evident advantage of the inducible transgenic system is the controllable expression at 
correct timing and sometimes in correct cells.  
     The Gal4-UAS binary system consists of two different transgenic lines: the activator and 
the effector. In the activator line, the yeast transcriptional factor Gal4 gene is placed under a 
specific promoter and in the effector line, the gene of interest is fused to multiple copies of 
Gal4 DNA binding motif called UAS. The expression of target gene in the effector line 
depends on the presence of Gal4 product in the progeny after crossing the effector line with 
the activator line (McGuire et al., 2004, review). The Gal4-UAS system has been widely 
used in molecular genetic studies of Drosophila to achieve spatially restricted gene 
expression (Duffy et al., 2002). The application of Gal4-UAS system in zebrafish has also 
demonstrated by Scheer and Campos-Ostega (1999). They established two transgenic lines 
including activator and effector lines, and found that the transgenic GAL4 could effectively 
activate the transcription of the effector genes after cross the two transgenic lines (Scheer 
and Camnos-Ortega, 1999).  
1.4.2 Cre-LoxP system 
          The Cre-loxP system mediates site-specific DNA recombination between two loxP 
sites by a site-specific DNA recombinase~Cre. Cre is a 38 KD product of the cre gene of 
bacteriophage P1 and is a site-specific DNA recombinase of the Integrate family. The loxP 
is a 34-bp consensus sequence, consisting of an 8-bp core sequence and two 13-bp 
palindromic flanking sequences. The Cre recombinase recognizes the LoxP site and 
efficiently catalyzes reciprocal conservative DNA recombination between pairs of LoxP 
sites (Saucer, 1998). The recombination results in the excision of the sequence between the 
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two loxP sites with the same orientation (Figure 1-6). The advantage of Cre-loxP system is 
that there is no need for additional co-factors or sequence elements for efficient 
recombination regardless of the cellular environment (Nagy, 2000). 
 
Figure 1-6. Cre-loxP excision strategy. Cre: a site-specific DNA recombinase which 
recognizes a 34 bp site called loxP (A), and excises DNA fragment between the two loxP 
sites (B) by Cre-mediated recombination. (Adapted from Lobe and Nagy, 1998) 
 
1.4.3 Applications of Cre-loxP system 
        The Cre-loxP system has been widely applied in mouse genetics, such as conditional 
genome modification or gene knock-out (Lobe et al. 1998), germ line excision of transgene 
(Lewandoski et al. 1997; Lomeli et al. 2000), and tissue specific activation of targeted gene. 
This is achieved by first positioning loxP sites by homologous recombination in ES cells at 
the desired rearrangement endpoints, then transfected with a cre expression vector, and 
subsequent selection for desired recombination product with a selectable marker (Saucer, 
1998). The sequential expression of two reporter genes was also achieved by Cre-loxP 
system. Novak et al. (2000) constructed a Z:EG double reporter mouse line which can 
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express LacZ first, and then EGFP after Cre-mediated excision. The Cre-LoxP strategy had 
also been widely used in intermolecular recombination. In cultured mammalian cells, the 
direct site-specific insertion of an introduced loxP-containing plasmid into a loxP target in 
the chromosome was possible by co-transformation with a transient cre expression vector 
(Sauer, 1990).  
         Conditional gene activation or inactivation in vivo can be achieved by mating two 
different transgenic animals, one carrying a ‘target gene’ with appropriately placed loxP 
sites and the other carrying a cre transgene. In most cases, the specificity of the system is 
dependent upon stringent regulation of cre expression. A zp3: cre transgenic mouse line had 
been used for activation or inactivation of LoxP-flanked target genes specifically in the 
female germ line. It was shown that in target-bearing zp3:cre mice, Cre-mediated 
recombination of the target gene occurred in 100% of oocytes (Lewanddoski et al., 1997). 
So a transgenic line with oocyte-specific expression of Cre can be used possibly for germ 
line excision of targeted gene in female oocytes.  
         The inducible activation of oncogene was also achieved by combining the Cre-loxP 
recombination with tamoxifen-mediated activation (Jager et al., 2004). A ROSAMER 
transgnic mice line was generated by injection of ROSA-MER construct, which was made 
by fusing a hormone binding domain of the estrogen receptor (ERT) with an oncogene c-
Myc cDNA preceded by a loxP flanked stop sequence and inserted into a ubiquitously 
activated ROSA 26 gene-trap locus. The tamoxifen-inducible activation of c-Myc gene in 
this transgenic mouse was achieved by cross with a cre expression mouse followed by 
tamoxifen treatment.  
 
1.5 Rationale and objectives of the proposed study 
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       Transgenesis is not only a valuable experimental tool in biological and medical 
research but also a powerful technique to produce new fish varieties with beneficial 
characters in aquaculture. However, in the field of aquaculture, there are several issues to 
be considered. First, escape of transgenic fish to the wild may cause unknown ecological 
consequence. For example, some transgenic fishes were generated with enhanced growth, 
may grow fast and out-compete wild types. Second, the commercialization of transgenic 
fish also raises issues of intellectual property and it is difficult to control the reproduction 
of transgenic fish from unauthorized breeders. To overcome these, one solution is to make 
sterile transgenic fishes, and another choice is to excise the transgene genetically in the 
next generation.  
       The zebrafish is becoming an increasingly important animal model for study human 
disease (Langenau et al., 2003). One main strategy to generate a zebrafish model for 
mechanical research is transgenic manipulation of gene expression. However, it is very 
difficult to maintain some of the transgenic lines such as the oncogenic transgenic fish as 
they may not survive to the reproductive stage. Therefore, conditional transgenic system 
will be useful for this purpose. While the Cre-loxP strategy has been widely applied in mice, 
it is also useful to generate oncogenic transgenic zebrafish by conditional expression of the 
transgenic oncogene by Cre-loxP system (Langenau et al., 2005). Although there were a 
few reports about the application of Cre-loxP strategy in zebrafish, it is still unknown 
whether it is possible for the Cre-mediated germline excision of loxP-flanked transgene in 
zebrafish (Pan et al, 2005; Langenau et al., 2005).   
        The ultimate objective of this study is to explore the feasibility of germline excision of 
transgene in transgenic fish by using the Cre-loxP system. To achieve this objective, we 
need to identify some genes specifically expressed in zebrafish germ cells and to isolate a 
gene promoter for establishing a transgenic line with germ cell-expressed Cre recombinase 
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for germ line excision of loxP-flanked transgene in vivo. Thus my research consists of the 
following three parts. 
       1) Characterization of zebrafish oocyte-specific zp2 and zp3 gene families. Zona 
pellucida (ZP) proteins are a group of glycoproteins in fish chorion and mammalian egg 
envelope, and are encoded by four subfamily genes: zp1, zp2, zp3 and zpx. Two ZP cDNA 
(zp2 and zp3) were previously cloned in zebrafish and the two genes were found to be 
expressed specifically in the ovary (Wang and Gong, 1999).   In the present study, 
zebrafish zp2 and zp3 family genes were further characterized in detail, including their 
genomic organization, copy number and detailed expression patterns. 
      2) Generation of an oocyte-specific GFP transgenic line. In this part, we attempted to 
test weather the zp3 gene promoter can drive the oocyte-specific expression of the GFP 
reporter gene by establishing a stable zp3:gfp transgenic zebrafish line. This transgenic line 
was further used to trace the ovary development and test the effect of estrogen on zebrafish 
gonad development and sex differentiation.  
         3) Test of germ line transgene excision by Cre-loxp strategy in zebrafish. The final 
objective is to create a zp3:cre transgenic zebrafish line with oocyte-specific expression of 






































             Vitellogenins (Vtg) and zona pellucida proteins (ZPs) are two major classes of 
female specific proteins related to reproduction in female vertebrates. Vtg proteins are yolk 
precursor proteins while ZP proteins (or egg envelope proteins) are glycoproteins located in 
the inner layer of fish chorion or in mammalian egg envelope. Vtgs are encoded by a 
multiple gene family in essentially all characterized oviparous species including the 
zebrafish (Wang et al., 2005) and are synthesized in the female liver and transported to the 
ovary in response to estrogen. Vertebrate ZP proteins are also encoded by multiple gene 
family and there are four reported zp gene subfamilies including zp1 (zpb), zp2 (zpa), zp3 
(zpc) and zpx (Dundar et al., 1994; Harris et al., 1994). Recently, another zp gene named zpd 
has also been identified in the chicken and Xenopus laevis (Lindsay et al., 2002; Okumura et 
al., 2004). In mammals, ZP3 proteins function as the primary sperm receptor and induce the 
acrosome reaction while ZP2 proteins function as the secondary sperm receptor (Bleil et al., 
1988) and ZP1 proteins provide structural integrity of the egg membrane (Wassarman, 
1999).   Unlike vertebrate Vtg proteins, most ZP proteins are expressed only in the ovary, 
such as in the human and mouse (Wassarman et al., 2004). However, hepatocyte expression 
of some ZP proteins such as zpb and zpc in the liver has also been found in some teleost 
fishes such as medaka (Kanamori et al, 2003), Atalantic salmon (Celius and Walther, 1998), 
rainbow trout (Celius et al, 2000; Arukwe et al., 2002), winter flounder (Sugiyama et al., 
2000).       
        Like mammalian eggs, fish eggs also contain a layer of membrane named as chorion or 
vitelline envelope (VE) like mammalian eggs. The fish ZP proteins were also found in the 
egg envelope. In contrast to the single copy of ZP genes in mice and human, there are 
multiple copies of ZP genes in teleost fishes including medaka (Kanamori, 2003) zebrafish 
(Mold et al, 2001), fugu and Carp (Conner and Hughes, 2003; Chang et al., 1996, 1997).  In 
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zebrafish, we previously characterized two zebrafish cDNA clones encoding ZP2 and ZP3 
and their expression was found only in the ovary but not in the liver by northern blot 
analysis (Wang and Gong, 1999). Another zebrafish zpc cDNA homologous to mammalian 
zp3 was also found to be transcribed specifically in developing oocytes but not in mature 
eggs (Del Giacco et al., 2000). More recently, a cluster of zp2 genes including zp2a, zp2b 
and zp2c was found in tandem repeats in the zebrafish genome, and each contain eight 
exons and seven introns. Expression of the three zp2 genes was also found to be ovary-
specific (Mold et al., 2001). These studies demonstrated that zebrafish zp2 and likely other 
zp genes have multiple copies in the genome and are expressed specifically in the ovary. 
However, the exact copy numbers of zp2 and zp3 have not been determined and the 
mechanism of ovary-specific expression has not been characterized.      
        In the present study, we attempted to characterize zebrafish zp2 and zp3 gene families 
and their expression patterns. Firstly, a cluster of three zp3 genes was identified and 
characterized in a zp3 genomic clone isolated from a zebrafish genomic library. Secondly, 
the full length zp2 and zp3 cDNAs were searched in NCBI database, the copy numbers of 
the two gene families were estimated by real-time PCR, and their genomic locations were 
searched in the zebrafish genome database. Thirdly, the developmental expression patterns 
of zp2 and zp3 genes were characterized and compared with that of vtg1 by RT-PCR. 
Finally, the tissue-distribution of zp2 and zp3 mRNAs and their response to estrogen 
treatment were determined and quantified by real-time RT-PCR. 
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2.2 Materials and Methods 
2.2.1 Isolation of a zp3 clone from a genomic library 
2.2.1.1 Strategy of genomic library screening  
        Isolation of a zp3 genomic clone was carried out using a PCR navigated approach 
(Figure 2-1). Briefly, a pair of PCR primers was designed based on the 5’ sequence of the 
zebrafish zp3 cDNA clone (A3) (Wang and Gong, 1999), and was used to screen a zebrafish 
genomic library comprising 1 million primary clones in a Lambda vector, EMBL-3 SP6/T7 
(purchased from Clontech Co, USA). Initially, the genomic library was divided into 30 
sublibraries with 50,000-70,000 clones each. PCR was carried out for all sub-libraries using 
the pair of gene-specific primers. Then a positive sub-library containing zp3 gene clone was 
further divided to ∼5,000 clones/per subdivision and PCR was carried out again for these 
subdivisions to identify a ZP3 positive sub-fraction. The subdivision was performed two 
more rounds respectively and the plaques each subdivision contained decreased to ∼500 to 
100 clones. Finally, PCR was carried out for individual plaque till a single ZP3 clone was 
identified. 
2.2.1.2 Designing of PCR primers for the initial screening 
       One pair of gene specific primer, ZP3F (5’-AGGATGGAGTTCCGTCAAGG-3’, 
forward) and ZP3R (5’-CCACCATCACATCAGGACTGA-3’, reverse), was designed 
based on zp3 cDNA sequence (AF095457) near its 5’ end. The size of amplified product 
was ~170 bp including ATG start codon. PCR was carried out with a program consisting of 
94ºC/5 min; 30 cycles of 94ºC/30 sec, 58ºC/30 sec, 72ºC/ 60 sec; and finally 72ºC/10 min. 
The zebrafish zp3 cDNA clone (A3) was used as positive control. 
 28
 Figure 2-1. The flow chart of PCR-navigated screening zebrafish genomic DNA library  
 
 29
2.2.1.3. Preparation of host cells 
A single colony of host strain XL1-blue MRF (P2) was inoculated into 5 ml of 
LMM (LB with 0.2% maltose and 10 mM MgSO4) medium and cultured overnight at 37°C 
in a sterile culture tube. In the next morning, 50 μl of overnight culture was reinoculated 
into 10 ml LMM medium. When the OD (optical density) value at 600 nm reached 0.5-1, 
the cells were spun down in a sterile centrifuge tube for 10 min at 2,000 rpm and the pellet 
was resuspended in 10 ml of 10 mM MgSO4. The cells were then diluted with 10 mM 
MgSO4 to a density equivalent to 0.5 at OD600 and kept at 4°C.  The host cells can be used 
for up to two days. 
 2.2.1.4 Titering 
The sublibrary containing the ZP3 clone was diluted in SM buffer (100 mM NaCl, 
50 mM Tris-HCl, 10 mM MgSO4 and 0.01% gelatin) in 1:1,000, 1:10,000 and 1:100,000 
respectively. 1 μl of the diluted sub-library was added into 200 μl of host cells and 
incubated at 37°C for 15 minutes. 3 ml of thawed NZY top agar (0.7% agarose in NZY) 
incubated at 48°C was then added and plated onto NZY agar (5 g NaCl, 2 g MgSO4·7H20, 5 
g of yeast extract, 10 g of NZ amine, 15 g agar/per liter) plate. The plates were incubated at 
37°C overnight and the plaques on the plates were counted to determine plaque-forming 
units (pfu). 
 2.2.1.5. Subdivision of a genomic library 
After determination of the titer of sublibraries, phages were plated onto 20 NZY 
plates (90 mm) at a density of 5,000 pfu/per plate to ensure a ZP3 clone to be included in at 
least one subdivision. The plates were incubated for about 6-8 hours till plaques became 
visible. Then the plates were incubated overnight with 5 ml of SM buffer in a shaker at 4°C. 
PCR was carried out to identify which subdivision contained the ZP3 clone using primers 
ZP3F and ZP3R, as described in section 2.1.1.2. After one cycle of division, the pool for the 
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target gene was reduced to ∼5,000. The division was repeated two more times and the pool 
was further reduced to ∼500 - 100. Then the final positive subdivision containing ZP3 clone 
was plated on a NZY agar plate and individual plaques were selected for PCR amplification 
to identify the ZP3 clone. Over 150 clones were screened by PCR and one was identified as 
a ZP3 positive clone.  
2.2.2. Extraction of phage DNA 
2.2.2.1. Culture of host strain and lysate 
Preparation of host strain and titering are the same as described in sections 2.2.1.3 
and 2.2.1.4. A single colony of host strain XL1-blue MRF (P2) was inoculated in 3 ml of 
LMM medium in a sterile culture tube and cultured overnight at 37°C. 2.5 ml of saturated 
XL1-blue MRF (P2) was mixed with 108 pfu phages and incubated at 37°C for 15 min to 
absorb phages. The mixture was transferred to 50 ml of LMM medium in a 250-ml sterile 
flask and cultured with vigorous shaking at 37°C for 4 to 6 hours till lysis occurred. Then, 
0.1 ml of chloroform was added to the culture and the culture was shaken vigorously. The 
culture was then incubated at room temperature to let chloroform sediment. DNase I and 
RNase A were added into the culture at a final concentration of 1 μg/ml each and the culture 
was incubated for 20 min at room temperature with tilting the culture gently for avoiding re-
suspension of the chloroform.  
2.2.2.2. Extraction of phage DNA 
The lysate was split into equal halves in 50-ml centrifuge tubes and spun for 10 min 
at 10,000 rpm. Then the supernatant was transferred into another tube and mixed with 7.5 
ml of PEG-NH4OAc (20% polyethylene glycol, 3.5 M NH4OAc). After incubation on ice 
for 15-30 min, the mixture was centrifuged for 15 min at 10,000 rpm. The supernatant was 
then decanted and the pellet was resuspended in 400 μl of TES (20 mM Tris, pH7.5; 20 mM 
NaCl; and 1 mM EDTA) and transferred into an eppendorf tube, followed by phenol-
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chloroform (1:1) extraction twice and chloroform extraction once. Finally, 40 μl of 3 M 
NaOAc (pH5.2) and 800 μl of pure ethanol were added to precipitate DNA at -80°C for half 
hour. The mixture was then centrifuged for 15 min at 4°C and the pellet was washed once 
with 70% ethanol, air dried and dissolved in 100 μl of sterile water. 
2.2.3 DNA sequencing and Sequence analysis  
2.2.3.1 Automated sequencing 
Automated sequencing reactions were carried out using the ABI PRISMTM BigDye 
(V3) Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer). The kit contains a 
sequencing enzyme AmpliTag DNA Polymerase called FS and a set of dye labeled 
terminators for fluorescent cycle sequencing lager fragments with more accuracy.  
Each sequencing reaction (20 μl) contains 8 μl of BigDye Terminator Ready 
Reaction Mix, 200-500 ng of double-stranded DNA, and 1 μl of primer (0.2 μg/μl). PCR 
was performed on the GeneAmp PCR System 9700 (Perkin Elmer) with 25 cycles of 96 
ºC/10 seconds, 50 ºC/5 seconds, and 60 ºC/4 minutes, and finally hold at 4ºC. Ethanol 
precipitation was carried out to purify the extension products. 2 μl of 3 M NaOAc (pH4.6) 
and 80 μl of 95% ethanol was mixed with the 20 μl of reaction mix, and incubated at room 
temperature for 15 minutes. The tube was spun for 15 minutes at the maximum speed at 4 
ºC. The pellet was rinsed with 500 μl of 70% ethanol for two times, and air-dried prior to 
loading onto the DNA sequencing gel.          
2.2.3.2. Sequence analysis  
      The zp3 genomic DNA clone was sequenced from both ends by using ABI PRISM 
BigDye terminator Cycle Ready Reaction kit with an automatic sequencer (ABI prism 377, 
Perkin Elmer, USA). Double stranded phage and plasmid DNAs were directly used as 
sequencing templates. Usually 300 ng of phage DNA or 500 ng of plasmid DNA was used 
in 20 μl of sequencing reaction volume. Sequencing of the coding regions in the genomic 
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clones was completed by primer walking. The sequence was analyzed and aligned with 
zebrafish zp3 cDNA by DNAMAN V4.15 (Lynnon Biosoft). Exons and introns were found 
by NCBI NCBI splign program (http://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi). 
Additional zp2 and zp3 DNA sequences were collected by BLAST search in NCBI gene 
bank and Unigene database with their Accession No. Sequence alignment was carried out 
by using ClustalW online (http://www.ebi.ac.uk/clustalw/).  The genome location 
information was obtained by search directly or blasting the mRNA sequences in zebrafish 
genome database (http://www.ensembl.org/Danio_rerio/).  
2.2.4. PCR techniques 
2.2.4.1 Typical PCR reaction 
       Typical PCR was performed using PTC-200 Thermal Cycler (MJ Research, USA). 
Each 50 μl of PCR reaction contains 5 μl of 10x PCR buffer (1x=10 mM Tris-HCl, pH 9.0; 
50 mM KCl; 0.1% Triton X-100), 3 μl of 25 mM MgCl2, 2.5 μl of 2 mM dNTP mixture 
(2mM dATP, 2mM dCTP, 2mM dGTP and 2mM dTTP), 0.5 μl of 0.2 μg/μl antisense 
primer, 0.5 μl of 0.2 μg/μl sense primer, 0.2 μl (1 unit) of Taq DNA polymerase (Promega), 
and 1 μl of template DNA. The cycling condition was as follows: 94 ºC/5 min; 30 cycles of 
94 ºC/30 sec, 55 ºC/1 min, and 72 ºC/1 min; and finally 72 ºC/10 min. All PCR products 
were analyzed on 1% agarose gel with 0.5 μg/ml ethidium bromide in 1x TAE buffer and 
visualized on 312 nm UV box (Model TF-35M UV transilluminator Villber Lourmat, 
France). The photo was taken with the Unvitech Gel Document system (Uvitech Co.) and 
printed from a therma-paper printer. 
2.2.4.2 One step RT-PCR 
       QIAGEN One-Step RT-PCR kit (QIAGEN) was used for RT-PCR analysis. The RT-
PCR primers were designed to span an intron/exon boundary in order to avoid amplifying 
genomic DNA, or can be designed to flank an intron to distinguish genomic amplification 
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(large fragment) from cDNA amplification (small fragment). The reaction mix was set up in 
50 μl volume, 10 μl of 5×RT-PCR buffer, 2 μl  of dNTPs mix (containing 10 mM of each 
dNTP), forward primer 0.6 μM (final concentration), reverse primer 0.6 μM (final 
concentration), 2 μl of one-step RT-PCR enzyme mix, and 1μl of template RNA (1μg/μl). 
The PCR program was reverse transcription at 50ºC for 30 min, initial PCR activation at 95 
ºC for 15 min, followed by 3 step cycling : 94ºC 0.5-1min, 50-68ºC  0.5-1 min, 72ºC  1 min. 
for 25-30 cycles, then 72ºC  10 min for final extension. The reaction mix was kept on ice till 
the thermal cycler reached 50ºC, then was placed in the thermal cycler and carried on the 
RT-PCR reaction. Primers used are: rtZP2f: 5’-GAAATGCAGTCACTGTCCAG-3’ 
(forward) and rtZP2r: 5’-GAAACCTCAAACTGGCTGTCT-3’ (reverse) for ZP2; rtZP3f: 
5’-TGTGGTGATGATGACTGA-3’(forward) and rtZP3r:5’-GACCAGTCATCAGTCA 
TGAG-3’ (reverse) for ZP3; Z1: 5’-ATCATGAAGGATGTTGGCTTGG-3’ (forward) and 
Z2: 5’- CTTCCATCATTGCAGCA CCA-3’(reverse) for vetelogenin 1 (vtg1). 
2.2.4.3 Real time RT-PCR 
           To determine the relative expression level of zp2 and zp3, real time PCR was 
performed as previously described by Tong. et al (2004). Briefly, specific primers as 2.2.4.2 
were used in RT-PCR to amplify zp2 and zp3 mRNAs from various tissues by LightCycler-
RNA Amplification kit master SYBR Green I (Roche Applied Science). Each real-time RT-
PCR reaction mix was prepared to a final volume of 10 μl, including 4.4 μl H2O, 0.65 μl Mn 
AC2 (3.25 mM), 1.2 μl primer mix (0.3 μm/each), 3.75 μl Master SYBR green I, 1 μl RNA 
sample (1μg/μl). Reverse transcription was performed at 61 ºC for 20 min, denaturation at 
95 ºC for 30 sec, then amplification for 40 cycles with denaturation at 95 ºC/1 sec, 
annealing at 55 ºC/5 sec and extension at 72 ºC/10 sec.  RNA standard curve was generated 
by amplification of 10 fold serially diluted ovary RNAs by the same primers and used to 
determine the relative levels of zp2 and zp3 mRNAs.  
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 2.2.5 Estimation of copy numbers of zp2 and zp3 genes 
         Three individual zebrafish (1 male and 2 females) were used for preparing genomic 
DNA. The genomic DNA samples were diluted to 1 ng/μl.  Determination of zp2 and zp3 
copies was carried out by real-time PCR using lightcycler Faststart DNA Master SYBR Green 
I kit (Roche Applied Science) according to the manufacture’s instruction manual. Primers 
used for zp2: copyZP2f (5’-CAATGGCAACTAGCTGGTCT-3’, forward) and copyZP2r (5’-
CCACTGATACCAGGAGGTC-3’ reverse). Primers used for zp3: copyZP3f (5’- ATGACTG 
GTCCTATCAGA G-3’ forward) and copyZP3r (5’-ACCCATGATTCTCAATGAAGG-3’ 
reverse). Each real-time PCR reaction was prepared in a final volume of 10 μl, containing 5.8 
μl of H2O, 1.2 μl of 4mM MgCl2, 1 μl of primer mix (0.5 μM each), 1 μl of DNA Master 
SYBR Green I, and 1 μl of DNA sample in a lightcycler capillary tube. PCR was performed 
at 95 ºC for 10 min, followed by amplification for 40 cycles at 95ºC for 10 sec, 55ºC for 5 sec, 
72ºC for 10 sec, and finally a melting curve analysis was performed as described in the 
manufacture manual (Roche Applied Science). The zp2 cDNA clone (A71) and zp3 cDNA 
clone (A3) plasmid DNA were diluted serially and used to construct standard curves.  
2.2.6 Estrogen treatment  
            E2 (17β-estradiol, Sigma) stock solution (1 mg/ml) was prepared by dissolving E2 in 
100% ethanol. The solution was then sonicated for 30 min on ice and stored at 4 ºC. The 
male and female adult zebrafish (> 3 months) were treated for three days at a concentration 
of 5 μg/L of E2 by add 5 ul E2 stock solution in one liter water. Water was changed daily 
and E2 stock solution was added afterwards to the same concentration. The control zberafish 
was maintained in a tank added with the same volume of 100% ethanol instead of E2 
solution.   
2.2.7 RNA extraction 
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       Total RNAs from zebrafish embryos and different adult tissues were extracted using 
TRIzol reagent (Gibco BRL, USA). Briefly, about 200 embryos or 100 mg of tissues were 
quickly frozen in liquid nitrogen and homogenized in 1 ml of TRIzol® reagent. The 
homogenate was incubated at room temperature for 5 minutes to allow nucleoproteins to 
dissociate before 200 μl of chloroform was added. The mixture was shaken by hand 
vigorously for 15 seconds and incubated at room temperature for another 3 minutes, 
followed by centrifugation at 14,000 rpm for 15 minutes at 4°C to separate aqueous and 
organic phase. 500 μl of aqueous phase was then transferred to a new tube and an equal 
volume of isopropanol was added. After incubation in ice bath for 30 minutes, RNA was 
pelleted by centrifugation at 14,000 rpm for 10 minutes at 4°C and washed with 1 ml of 
70% ethanol. The RNA pellet was then dissolved in 20 μl of DEPC (Diethyl 
pyrocarbonate)-treated water and stored in -80°C. 
          RNA was quantified by optical density reading at 260 nm and 280 nm using UV-1601 
spectrophotometer (Shimadzu, Japan). One unit of OD260 is equivalent to 40 μg/ml of RNA, 
and OD260:OD280 ratios >2.0 indicate good quality of RNA preparation. 
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2.3. Results 
2.3.1 Genomic structure of zebrafish ZP3 gene 
            A zp3 genomic clone was isolated and sequenced completely (Fig 2-2). As shown in 
Fig. 2-3A, the genomic clone is 12.5 kb and contains three tandem-repeated zp3 genes, 
which are named zp3.1, zp3.2 and zp3.3. The middle zp3.2 gene is completed and contains 
all of the eight exons and seven introns, while zp3.1 and zp3.3 are truncated from the 5’ and 
3’ ends respectively; zp3.1 started from the truncated 4th exon and zp3.3 ended at the 4th 
exon.  Sequences of the three zp3 genes are highly identical in exons with 94-100% 
nucleotide identity (Fig. 2-3B). The intron sequences also have high identities, ranging 
between 70-98%. The highest sequence variation was found in the 1st introns of zp3.2 and 
zp3.3; the 1st intron of zp3.3 is more than 1 kb longer than that of zp3.2.  Also, the 5’ 
flanking region of zp3.3 is longer than that of zp3.2, but the proximal 208 bp upstream of 
the ATG start codons of the two genes are highly identical (87%) (Fig.2-3B).These 
observations indicate that zebrafish zp3 gene exist as a cluster like zp2 genes in the 
zebrafish genome (Mold et al., 2001).  
      By aligning the zp3.1, zp3.2 and zp3.3 coding sequence with zp3 mRNA (NM_131331), 
we found that zp3.1, zp3.2 and zp3.3 has 97 %, 96% and 98% identity respectively to zp3 
mRNA. Comparing their amino acid sequence with that of ZP3, we also found that all of the 
three deduced new ZP3 protein sequences  show high identity (95-96%) with the original 
ZP3 (Figure 2-4). The ZP domain signature region also shows high identity among the four 
proteins with only one variation found in ZP3.2. So these three newly isolated genes are 
closely related to the previous reported zp3 cDNA. However, the flanking regions between 
three genes have low identity except the ~208–bp upstream of ATG start codon with about 




1      GCTCTGCCAA GATATTCCTT CATTGAGAAT CATGGGTAAG ATCATGGTGT AGAGCAGTTG 
61     TATCTCATAC AAGGTCAATA TTTGAAGTGT ACAGGTCAGT GTTTACAAAG TTGTTAAGAC 
121    TGGGTGTTTC AAAGTGGTCC TCAAACAATT GAAGGTGTTG CTCAAAGGTT GACTTGACTA 
181    ATCCTTTGTC TACAGTAGAG CTTTTGTCCT TGTGGGAGAT CGAGCTTTTA GAAGATATTA 
241    TAGGACCATA GTTCAACTGA TCAAGGCTAC TTTGACCCTT TTATAAAGGG TTTCGGTTTT 
301    AACTTTCTAA CCCAAGCTCA AGTTACTCTT TGGTGTTCCT AAATGACATT TTTATAGGCA 
361    CATCTTGGTT TTAGATTAAC ACCAACTTGC TCTAAACCAG GCATTTACAA ACTCTTGCAG 
421    AGTTCAGCTT CTTTAAGCAA GCCACTGGAA TTAATTGGCT GGTGTGGTGC ATTAAGTGTT 
481    TGGTTATGGG CCAGAGTTTG GCTACAACCC TGGTTAAACA ATTGAGANCT GAATCGGCAC 
541    TCTCAATGGA GACTGGCTTG CAACATTTGC CGGAAGGTGT TTCTCCAGGA ACAGGATTGG 
601    TCACTGGTGC AATCTCTATT TTAAGTTACT AAATTTTCCA GAGTGTCCAG AACTGCTCTG 
661    AANGCTATTC CTTCTCTACT TTAGACCTCC TTGACCCCTA TTAACTTTCA GATCAGACTG 
721    TTGGGGCTAC TAGTCAGTTT TAAGTTGTTA AATTGTCCTT GGATTGTTTA GTTTTGGAAA 
781    CACCTTTAGA GTTATCCACT TTCTGCTTTA GGTCATTATC TTGTGAATTT AGACTTGGTT 
841    TCTTTGACCT CCAACTTTAA CTCAGGAGTA GTCACTTGAA TCATAGCTTG TACTTGATGC 
901    ACTCTTCCCC TATCTCCCCC TCCAATCATG GGCAAGATTT GATTTTTGTT TTTTTCCCTT 
961    GTGTTATCAG GTGCTTTGTG GATGCCAAGG CTACAGGTTC CAGCTCCCAC TTCTTGCCCA 
1021   TAACCCAAGA AGACAAGCTC CGCTTCCAGT TGGAGGCTTT CATGTTCCAG GATACACCCA 
1081   GTCCTTTAGT ATGTACAATC AGTATAGGGT AAATCAGCAT CTTGTCTTCT ACATCTGATT 
1141   TTTAATAACT TCTCCTTTCT CTTGCAGATC TACATTACAT GCATTGTGAA GGCCACTGTT 
1201   GCTGCTAGAC ATAGTGACCA TCTGCACAAG TCCTGCTCCT TTGCCAATGG GTATGTCTAT 
1261   CACTTTAAAT CATCTTTTTG CTCCTGTTGA AGGTGTTTGG TCTGACTCTT GCTTGTTGCA 
1321   GATGGTTTGC CAATGATGGA CACCACAGAG CCTGCAACTG CTGCGACTC TACATGTGGT 
1381   CATGGTGGTG TTGAAGGTCA ACTTACTGGG GATGGCTTTA GTCGGTGTGT GTTCCTCTAC 
1441   TCTTGCTCTT ACTGTGTTTT GCTCTTGTAC TTCAGTTCTC CTGTTTAACT TTGGTCTCCT 
1501   CTCTAGGCAT TCAGTGGGAA GGCAAGGCCT TGGTTGGTCC TGTAGTGGTC AAAGACACGC 
1561   AGAGGAATCT TGTTTGATAA CGTGAATACC TGATGAACAA GTGCTTGCAT TGAGTTTTTA 
1621   ATAAATGTCT GAAACCTTAT CTTTGGCTTT TTTTATTTAT TTATTTTTAT ATATAAAAGC 
1681   CTTTTTACCT CTAACCATGG GATTAAAAAC AATGGTTAAG TCGTAATGTA CTATAAAAGA 
1741   GAATCATTCT CCTTAAGGTT AAAACGTTTA AGAATGGCTG CTTTAGTAAA ACAAACTGTT 
1801   TCAGTTCTCA CTTTGCTTGT ATTAGATCCA ATGTCTTATG CAGTAAAATA TACATATTTC 
1861   TGGTCTTCGC TTAATTTAAC AACTTTCAGG GATTAACTTA AATTAGTTTA CAAAGAATAA 
1921   GTGTTTCTCC TGTCACATTG GCTTAAGTAA TATTAGTAGT TCAGGACTCA ACCATTGACT 
1981   GCACTCTTTA CCAAACAATT GAACCCTGGT TTAACAGGGC AAGTGATAGA GTCACTTGAA 
2041   GTGTTAAATG GTGTGTGTGC ACAGCATTGT TGGTTTACAA AATCAAATGT TCTGTTTAAC 
2101   TAAATGTTGT TTATTTATTT ATTTTTTAAT TCTCCTAGTG TATGTATTAA GTTTAGTACT 
2161   CCTACTGACC AACTTTTTGG TTGAGGTTGA TTCTTAATTT TTATGTTGGA AATGCAGTGT 
2221   TAAACTAGTG ATCGTAGTGA AATGAGTTTT TTTTTGTTTT TTTTTTTTTT CCTCCTTGGT 
2281   AGGACAGTTA AAGGGTACAG TAATTTATCA CCTTTTTAAA CCAAGTTGAA ACTGGGAATT 
2341   TTTCTGTTTG TTAGAAGCTG TATACTTAAA CCTTAAGTCG GTTTCATTTA TATATGTCTT 
2401   AAAGACCAAT AATGGATCAA ATAGTAATTT AACTTGAATT TTTTTTTTTC ATTCCAACAC 
2461   TAACAATCTA AGCTCAGATG CCTTTTTAGA TCAAAAGTTT ATGTAGTTTA AAGGTGCAGT 
2521   AGGTGATTTT CCACAATGCT AACAGCTTAG CATAAATCTC TGAATCACAG TCCCTCTTCT 
2581   GTCTAGAGCC ACACCTCAAA CACGAGCACC GCAAAAGAAC CCTCTTATGT TAAGTGACTA 
2641   GTGTTTGTCT GGCAGCATGC AAACCAAACT GACATGTGTC AGTTCCAAAG TGAATAGAGT 
2701   TGCATGGTTA AACCATATAG GGAGAGGCTA GGTGGAATAG CACTATTTAC TTGTTTTGTT 
2761   GTTAAACTAA ACTTAAAATC TACATTCTAG ATTCTGTAAA AGGTCCTTTA TGAAAATTGA 
2821   AAATAGTCTT AATCTTTCAT CGGAAGATTT TAGTGGCTGA ACAACACTAC TGTGAAGATA 
2881   AAACTCATTT GTAACATCCT TTGAGTGAAG CTAAAATGGT TTTAAAGCAG AACATTACCC 
2941   GTCTAAGAGA AATCCTGCTG CCATGGTGTC TTCCTTTTTC CAGCATGCAA AGATAACTCC 
3001   AATATTGATT CAGGTTTTAA AAAAGTTGAT TCAGCAGGTT TTTACAGATC GCTTTCTCTC 
3061   TCGAATGTGT AGCCCAAACA GCGGTCTGCG GAGCTTCAAA CAAAAGGCTG CGCAGACGTT 
3121   CAAATCTGCA TTTGCTAACA GACAGTCTGA GCTACCTATT GGAATTATGA GAGATGTCGG 
3181   CCTGACTATT TAATTGGATG AACATTGTTT AGTTTTATGC CTTACCCAAA ATCTATAAAT 
3241   ACATTTAGAT CATTTACTTT AATCATTACT ATTGGAATGA GAAGACACTT TTAACCTGCA 
3301   CAACAACACA TGCTTCTGGA GACAATCACC TACTGCACCT TTAAGTAATA TTCAGTAAGG 
3361   TAGGGTAAGG AAGTAATATC CAGTCTTACG ATTCAAGCCT GTCCTACTCT TTCAAAAGAA 
3421   ATGCAAATAT ACCGATGATG CATAATTTCA CATTACTGAA GTTACGCTTT TGAGTCACTG 
3481   GATTGTAATG TTACTATTTT CCCCAACACT GATCATATCT ACAGTCTGTG TAAACCCAGA 
3541   TTTTATTTCA GATTACCAAC ACTTAATATC ATGAATGAAT TGTCAGTTTG TTGATTGTTA 
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3601   AATCACGAAC GGCCATAAAT TAATCTCAGT TATCCTATTG GCTGATGACA TTCTGGAAGC
3661   TCCCTATTGG CTAGTAGAGT TTGTGGACCC AGAGTCCACA AACTCTACAT GTCCAGAGGA
3721   GGATCAAATG TAATTAATTA AGCTGGAAGG GGCGGAGCCA ACCTAATTCT GACCTGTATA
3781   AAAGGTCAAA GCCAAGCATA GATGAGCATT GTGGCATTGA GTCTTCAAGG ATGGAGTTCC 
3841   TTCAAGGTGT ATTAGTGCTG GCTGTGATTG CTGTGTTTGA TTTTACAAGT GCACA GGGA 
3901   AGTTTGAGCA ATGTTCAAAG TCCAAGAGGT TTCTGGAATC TCAGAGGTGT TCCTGCTCCT 
3961   CCTGGAGCTG TTTTCAGTCC TGATGTGATG GTGGCTTTCA ATAGTCTTGA CTCTGGGAAA 
4021   CCTGTGCAAG CTCCTCTCGG TCTTCAGGAG AAGCTGATGC TGCAAGCTCC TGAGCCTTTC 
4081   ACATGGAGGT TTCCCATTGT TGCCGAAGCC CAGAGAGAGT TTGCCACAAA CTTCCAGCTG 
4141   AAGCAGCCTG CATCTCCTGG CAGCACTGTT GCAATTCAAT GTGGTCCAGA TCGGGTTCAT 
4201   GTTGAGGTTA AGCAGGATTT GTTTAGCAAT GGGGAGTTGA TCCAGCCAGC GGGTCTGACT 
4261   CTGGGAGGAC GCCCTGTTGT TGGTCAGGAC CCAAACTCTA TGGTGCTTAT CTTTGACTAT 
4321   CCAATTCAGG AGCCTGACAG TGTGGTGATG GTAAGAAATC CAAATTCTTT TCCAACCTCC 
4381   ATGTAGCATC TTAATGGTTA AGCTTTGAAA AGTAGATTCA TGTAGTTTTA AAGACTTGTC 
4441   CAGGTCAAGT TTACCTTTAA ATTATAAGAT GTACTGAATG TTGTACTGTA TGTTTGATCT 
4501   CCCACCATTG GCATGTCCAC TGGAACCCAA ATTAAGAACT TGATGCTTGA ATTCTTAGCA 
4561   GTGCTGCAGC AGTGTCTAAA GCATCTCAAA CCTGTCTATC TTTAGTAGAC TTTCTTTTTN 
4621   ACTTGAGACT TTTTCATCAG ATGACTGAGG ATGAGCTTGT CTACACCTAT ACTGTTACCT 
4681   ACACCCCTGA AGCGTTTCCT GGGACTCCTA TTATCCGCAC TGATGGTGCA GTTGTTGGTG 
4741   TTCAGTGCCA CTATCCAAGG TACACTAACT ACTTCGGTGC TTAATACAAC AGGGTAAACT 
4801   ACTTCGGTTC CAGCTATGTA GGTCATTGTT GAAACTAGTC CATTTTTAAT TCTTTACTTT 
4861   CAGGCTTCAC AATGTGAGCA GTAATGCCTT GATGCCAGCA TGGACCCCTT ATGCCTCAGC 
4921   AGAGCTTGGC GAGGATATCT TGGTCTTCTC CCTGGATCTC ATGACTGGTT GGTGCAGTTT 
4981   CTTAAACCTT ATTCTTTTAA GATTTACTGT ATCTAAACTC CTTCTTCCTC TTGCAGATGA 
5041   CTGGTCCTAT CAGAGGCCCT CAAATGTGTA TTTCCTGGGC AGCATGATTA ATATTGAGGC 
5101   ATCTGTGATG CAGTACAATC ATGTGCCTCT GTGTGTGTAT GTGGACCGCT GTGTGGCAAC 
5161   TCCAGTACCT GATCCTGAAG CTCTGCCAAG ATATTCCTTC ATTGAGAATC ATGGGTAAGA 
5221   TCATGCACTA GCGGTGTTGA ATCATGTCCA GGGCGATCAG ATTTTAAGTG TTGGTGAGGC 
5281   CAGAGGGGGC CTAGTATAGT GAAAGGTATG CTATATTGTT AGTGTCTTTT TAATACAAGC 
5341   TGTTCAACTG TGGTTCTGTC TCTCTCTGGT CAGAAATGCC CTTAAGCCCA ATGTTTTTTG 
5401   AAGTCTTCTG AAGATGAGTG GGCTTTTTGA TCCCTTTTTA AATGATAACT ATGGCCCTTT 
5461   TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT TTTTTTAGCT TGAGCTGGTG TATTAGTTGC 
5521   TCTTTGGTTT TTATAACTTT GATAGTTGAC TATTTTGGTT TATCTGAATC AGATGTCCTA 
5581   ACTTCCGCAG GGTTTAGCTT GCTTGGAGCT TCTAGTAAGA CTAGTTGGGT CCTTTTTCTA 
5641   CCTCAATGAT ACACTCCTGA ACTCTTAGTT AAGATTCAGT TTCTTTATGG AGTCTGTAGA 
5701   TTATAGAAGC TTAAATTTGG CACCTAACTA TTATAGAAAC TTCCAAATGG GTGTTTTGGG 
5761   CCTTGCAGTT GTCAGCATTT GGAAGGGATC AGACCTTTCC AGAAGGGTCT CAAGACTTTC 
5821   AAGTTCTGGG ATTTTTTTTT TGTAAAAGCA TGTTCACTAG CTTTCAGAGT TGCATTTGGG 
5881   CTTAAGTTGC TTACCTTTCT GAAGGAGTTA CCTTGAATCA TTGGTAGTAT CAGTTTATGC 
5941   TTTTCCTCTT TGTGCCCTTA CAAACATGGT TAAATAGCTT TACCCTTAAC TTCTGCCATC 
6001   AGGTGCTTTG TGGATGCCAA GACTACAGGT TCCAGCTCCC ACTTTTTGCC TATAGTCCAA 
6061   GAAGACAAGC TCCGTTTCCA GTTGGAGGCC TTCATGTTCC AGGATACACC CAGTCCTTTT 
6121   GTATGCACTA TTCAGTATTG AGTAAATCCA GCATCTTGTC TTCTACGTTG TTAATCACTC 
6181   TCTCCTGCAG ATCTACATTA CATGCATTGT GAAGGCCACT GTTGCTGCTA GACATAGTGA 
6241   CCATCTGCAC AAGTCCTGCT CCTTTGCCAA TGGGTATGTT GATCACCTTT AAATCATCTT 
6301   TTTGCTCCTG TTGAAGGTGT TTGGTCTGAC TCTTGCTTGT TGCAGATGGT TTGCCAATGA 
6361   TGGACACCAC AGAGCCTGCA ACTGCTGCGA CTCTACATGT GGTCATGGTG GTGTTGAAGG 
6421   TCAACTTACT GGGGATGGCT TTAGAGGTGT GTGTTCCTCT ACTCTTGCTC TTACTGTGTT 
6481   TTGCTCTTGA CTTCAGTTCT CCTGTTTAGC TTTGGTCTCC TCTCTAGGCA TTCAGTGGGA 
6541   AGGCAAGGCC TTGGTTGGTC CTGTAGTGGT CAAAGACACG CAGAGGAATC TTGTTTGATA 
6601   ACGTGAATAT GCCTGATGAA TTGTGCTTGA ACTCAGTTTT TAATAAATGT CTGAAACCTT 
6661   ATCTTTGGCT TGGTATCAAG TTTTGTGAAG CCGGTTACCT ATAACTGTAG GATGAAAAAC 
6721   AATGGTTCAG TAGTCAAGTG GTTCATAAAT AAGAGAATCA ATTCTCCAAA TGTTAAAACA 
6781   TCAAGCCTGA AAATAGCCAT TGAATAAACA GTTCCTTTTT TACTTAACCT GGTTTATCTA 
6841   CATTGAGTTT TGTGCATTAA ACCTTAAATA TTTCTTTTGT AAACTCTGTT TGAACAATTA 
6901   ATCCCAGAAA GTTAAATTTA AAGGAAGTAA TGAGCGTACC TTAAACGACC ATCTCCTTAA 
6961   TGAGAGTTTA GACCCCTTTT AAACCATTGA CTGCCCTCTA CCAAGTGATT GACCCTATTT 
7021   TTAAAGTTTA GTAATGACTG TTCAAGTCAC TTGGTGTTAA TTGGCTTGCA TGTGCACAGC 
7081   ATTGTTTACA AAATTAACCA TGTTGCACTA CATGTGTTTG TTAATTTTTT TTATTATTGA 
7141   TTTATTTTAT TTATTTATTT TTTTTAATTA AATTCTATGT CAGCAACCAA GGCTTTTTTC 
7201   ATGGCAGGAA CTTTTCAACG AATATACAAT TTAAAAATCA ACAAATAAAA CATTAAATAT 
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7261   TTTTAGTGTT CATAAAATTC TAATATTTTT CTGGATTCAC TTTGTTAAAT GTCCTTGGTT 
7321   TTCATTTCAT AACATCTTCT GGAATCAGTA AAGGCAAGAC AGTCATGTAA AATGTTTTTT 
7381   TTTTTTTTTT TTTTAATAGA GTTTTGCAGC ACAAACACTG AGTAGGGTTT TCACCTTGAA 
7441   GCAAAAAATG TGTTCTTGTA TGCCCAATAC GACATCTGGT AAAAACTACT TGATCAAATC 
7501   AATTAAAATT CTGTGTGAAA TTGCAGGTTG GATTTCATGT AATTTGGAGT TTTCTAATGC 
7561   ATCCCATTCC TTTTTGCCAC TTGTTTAAAA CGTCAGCGTT GATAAAAGGT TTCAGCACAA 
7621   ATACAAATTA AAAAAAATTT AACCAAGGTG AAAATATAGT AATGTCTTAG TTTTGTTATA 
7681   GTCTTAGTAA TGTTATAGTC TTAGTTTTAA ATCTTTTTCT TTTCTCTTAT AGTATATGTA 
7741   TTAAGTCTGG TACTTTTATT GTAAATTAAC ATGAATCATT TTGGTTTGAG GATGATATTG 
7801   CCGAAGATTA CCAACACTTG CTATTATGAA TGAATTACTA AGAACTGCCA TTAGTTGAGC 
7861   TGCGGTCACA CTAGAGTTTG TGTGTGCGAA ATTCTGTCGT ATGTTGCTGC AAAAAGGGCG 
7921   GGATTAGACA TTTAAAAGCG AGCGATTGCT TCATGTTTTA AATTTCTGTC CAGAGATGTC 
7981   ATGTTTTGAT TCTCGATTGG TGTCACGCAG TCAAATGATG CGAAATTTGA CGCATGACCC 
8041   TGCGTTTCCG GTCTGACGGA TTCACGTGCG TATGAATGGA AAGGTGCGTT CGACTTCATG 
8101   CTGCGCAGAT CGATCGAAAT CTGTCTTAAA GCGGTGCATG CTGGTTAGAA ATCTTGTCCG 
8161   GATTGATGCT GCGCCGACGT CACGTGACTG TCACATGTGG CATCAAAGTA CCGCAACAGC 
8221   GCTCCGAGAT CAGACGGCAG ACTCAGACTG TGCAGCTTCT GAAGGGCGAC TGCAGGAGCT 
8281   CTGACGACGA CACCGATATT ACACGATTGG CCGAGTTCAC CACATGACAA CAAACACGTG 
8341   TATTTCGGGT CTATAATTGG ACAATTTCCG ATTCAAAAGT TTCAAAACAA ACAATTTACT 
8401   TTTCACACCC TCTCTATCCT GTACACATCT TGCTTATTAA GAGACTACAA ATATTTTACT 
8461   GCAGTGATCA TCTTTTGTTA AATAATCTGG TTATAAAGGT TAGCTTGTTT GCACAGGTTT 
8521   ATTTTTAACT TTTTTTATAC AGACTATTTA CTGCATTCAT CTCCATGAAC GATTTAAATG 
8581   ATATATTTTA GTGTATATTT TAGTGAATAA CCTAAATATG AACTCAAATA AGTCTTACAG 
8641   ACTTGAAATA AAATAATCAT CATCGATGAT CCTGCCACCC TAAAGCTCTC TTAACAAATT 
8701   AAGTTAAAGC ACTATTTTAT TAAATAATTA TAAAATGGTT TTATTATTAT AATATAAATA 
8761   TATATTTTAT TTCCTGTCTA GCAGTTTAAA GGCGACCTGC TCATTCTGGG AAACTTCTAC 
8821   ATAGCTCACT TATTTTACCT TTTGTTCTGT TCAACACAAT CTTTTTGGAT TAAAATGCTT 
8881   TTTTGAAAAT GCTTTCATTA TCCAAAATAA TCTCATTTAT TAAGACCTCA TCAAAACACC 
8941   TTGTTTTGCT TTTTACATTG GAAATTTTTT ATCTATAAAT GTACATATAT GTAAACCCTT 
9001   TTTTAGCATA TTCAAACAAG AAGTATTAGC CTAAAGATTG ATGTTTAACT CCTAGAATTC 
9061   ATGCGTATTG CTTTGTATTT AATAGACCTG TCCGTTTTTA TGTTTATATT AACCTCTCAT 
9121   TTCCTCTTAT TTATCTCATG CATTTGTTAT ATGTTATTCA TAATTCTCCC TTATTGTTTA 
9181   AAAATGAACT ACAGTTTGTA GAGACTGTAT TCTGTTTTAT TTGTAAATGT TTTGTTGTTA 
9241   TAAATAAAAA TTATAATGAC GCCATGTGAT TGGTCATCAT GACTGCAGCA ACTTTGAGTC 
9301   CCGAAGTGTC CAGCTGTCCG TCTTGACGGC TCCGTTTTCA ACTCCGCCCC CGCCTGCGCT 
9361   CGGCTAATCT CGTTGATCAC CGGCTGCAGC TGAGCTTCAT GTCGAACGCA CCTGAAGTCT 
9421   ATGGGAGGAA AAGCCCAGCG TCACCGCCAC CATCACATCA GGACTGCAGC AACTTTGAGT 
9481   CCCGAAGTGT CCAGCTGTCC GTCTTGACGG CTCTGTTTTC AACTCCGCCC TCGCCTGCGC 
9541   TCGGCTAATC TCGTTGATCA CCGACTGCAG CTGAGCTTCA TGTCGAACGC ACCTGAAGTC 
9601   TATGGGAGGA AAAGCCCAGC GTCACCGCAG CTTGTATCTC AAGTCTCCTG TTGGCCGATG
9661   ACATTCTAGA AGCTCCCTAT TGGCTAGTAG AGTTTGTGGA CCCAGAGTCC ACATCTACAG
9721   GTCCAGAAAT GAATCAAAGG TAATCAATTA AGCTGGAAGG GGCGGAGCCA ACCTAATTCA
9781   GACCTGTATA AAAGGTCAAA GCCAAGCAAA GATGAGCATT GTGGCATTGA GTCTTCAAGG
9841   ATGGAGTTCC GTCAAGGTGT ATTAGTGCTG GCAGTGTTTG CTGTATTTGA TCCGACCAAC 
9901   GCACAGGGAA GTTTGAACAA TGTTCAAAGT CCAAGAGGAT TCAACATGAA TCTCAGAGGT 
9961   GTTCCTGCTC CTCCTGGAGC CGTTTTCAGT CCTGATGTGA TGGTGGCTTT CAATAATCTT 
10021  GACTCTGGGA AACCTGTGCA AGCACCTCTT GGTCTTCAGG AGAAGCTGAT GCTGCAAGCT 
10081  CCTGAGCCTT TCACATGGAT GTTTCCCATT GTTGCTGAAG CCCAGAGAGA GTTTGCCACA 
10141  AACTTCCAGC TGAAGCAGCC TGCATCTCCT GGCAGCACTG TAACAATTCA ATGTGGTCCA 
10201  GATCGGGTTC ATGTTGAGGT CAAGCAGGAT CTGTTCAGCA ATGGGGAGTT GATCCAGCCA 
10261  GCGGGTCTGA CTATGGGAGG ACGCCCTGTT GTTGGTCAGG ACCCGAACTC TGGGGTGCTC 
10321  ATCTTTGACT ATCCAATTCA GGAGCCTGAC AGTGTGGTGA TGGTAAGAAA TCCAAATTTT 
10381  TCTCCAACCT CCATTTAGCA TCTTAATGGT TAAACATTGA AAAGTAGGTT CATGGTTCAT 
10441  GCAACTAAGT GAGCTGATGC TGCTTGAGCC AAAATCGGCC CATGAGTAAT GTGCGCTGTG 
10501  GGCCTAAAAG CTGGCATGAC TAAGTTTCAT GTACCTTGAT CCAAAAACCT TTTGGTATAC 
10561  CATTTGGTGC TTGATACATG GTATCACAAC CATTTTAATT TATTTTGACC GCAAACGCAG 
10621  GGCTATAATG TAAACGCAAA GTGTAGGCAC TGCGTTTAAA GATTTGAATT AAATGAAAAC 
10681  TGCATATATA TCCCATAATA AAACGAATGA CAATTAATAA ACATTAATTG ATTGACAGAA 
10741  CACATATTAA AATTGTATAA ATTTTGTAGT GCACAATTAA AACATCTGAA GTTACACAAA 
10801  GTATTTTTTA TTTTTTTTAA AAAACCCATT TCTCACAACA GACTTAAAAA TAAGTAACGT 
10861  CTTAAAACAG CTTAACTTGT TTGCTTAAAT AAAACAGGAA AATGCATCGT CAAGTTTTAA 
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10921  TCTGCTGAAG AGAGTTGAGT TGAGCGTTTG AATTGAAGCG AAGGGGGGAA TATTCTGAGG 
10981  AGAGCTGATA CTTTGATGTG GATTAACTTG CTTTCGGTTT TTGTAACGAT TAGTATTTAC 
11041  AACACAATCT CTATGCAATT TTTAATTTGG TGGCAAATTC ATTTAAATTT GCACAGTTTG 
11101  GTACGACTTG CTCATCCCCC AATGATGGGT TTAGGGGTGT GGTTAGGTGC CACGCCTCTT 
11161  AAAAATCGTA CAATTTCCGT ACGACTGAAG TTTCGTAAGA ATTTAGCCAC TAAACTGGCA 
11221  AAACGTAAAA TGCTTTTTCT CATGAGATCA GGCTGGTGTT TACACATAGC CTATTTGTTT 
11281  GCGTTTTAGG TCCTCTCGGT GTTTAACATG TTTGTGCCTA TAAGTGTGTG TCTCTCGGCT 
11341  AGCCATAATC TTTCAGTAAT GTTTGCCATT TTTATCTGAA TGGCTGCTAT TAGCTAAGCT 
11401  ATCTGTATAA ATGGGCTTAG GAGTAAATGG TGTTTGATNC CCAAACCCCC CCCCCCCCCA 
11461  TTCTAAGACA TTGTATTATG TATCTATATG GAAAAACAAT TGTCCGCTTT TATTTTTTCC 
11521  CTCATGACTG TATTTTAAAA ACGTAACTTT TCAAAACCAT AAACCTCAGT GTCTTTCCAA 
11581  TGATGCATAA TTTGTTTTTG TAGCTTACTG GAGTCAGTAA CTATTACTAT TTAAAGTTGG 
11641  GTAGGTGTAA ATCTCCAAAA TTTAGTGTTG GCTTTAAATG ATAGAATGTT GGATCTCCCA 
11701  CCATTGGCTT GTCCACTAGA ACCCAAATCG AGAAGTTGAT GCTTCTTAGC AATGCTTCAG 
11761  TGTCTTAAGC ATCTGAAACC GGTCTAATCT TTANTGGAAC TTGTTTAACT TGAGATTCTT 
11821  TCATCAGATG ACTGAGGATG AGCTTGTCTA CACCTATACT GTTACCTACA CCCCTGAAG 
11881  CGTTTCCTGG GACTCCTATC ATCCGGACTG ATGGTGCAGT TGTCGGTGTT CAGTGCCACT 
11941  ATCCAAGGTA CGTTAACGTC TTCGGTGCTT AATACAACAG GGTAAACTAC TTCGGTTCCA 
12001  GCCATGTAGG TCATTGTAGG AAACCAGTCC AATTTTAATT CTTTACCTCC AGGCTTCACA 
12061  ATGTGAGCAG TAATGCCCTG ATGCCAGCAT GGACCCCTTA TGCCTCAGCA GAGGTTGGCG 
12121  AGGATATCTT GGTCTTCTCC CTGGACCTCA TGACTGGTTG GTGCAGTTTC TTACACTTAA 
12181  ACCTTTCGAG GGTGTACTGT ATCTAAACCC TTTTTTCCTC TTGCAGATGA CTGGTCCTAT 
12241  CAGAGGCCCT CAAATGTGTA TTTTCTGGGC AGCATGATTA ATATTGAGGC ATCTGTGATG 
12301  CAGTACAATC ATGTGCCTCT GCGTGTGTAT GTGGACCGCT GTGTGGCAAC TCCAGTACCT 
12361  GATCCTGAAG CTCTGCCAAG ATATTCCTTC ATTGAGAATC ATGGGTAAGA TCATACACTA 
12421  GCGGTGTTGA ATCGTGTCCA GGGT 
 
 
Figure 2-2. Sequence of the ~12.5 kb zp3 genomic clone (Genbank access No. DQ285563). 
The exon sequences are highlighted, and the 5’flanking region with high identity between 







Figure 2-3.  A: Genomic organization of zebrafish zp3 gene cluster from the 12.5-kb 
zebarfish genomic clone. The sizes of exons (black boxes) and introns (lines between black 
boxes within genes) are indicated. B: Alignment of the three zebrafish zp3 genes. Sequence 
identities between corresponding exons and introns are indicated. The thick lines indicate 
the 208-bp upstream of the ATG start codons with high identity between zp3.2 and zp3.3 





Figure 2-4. Amino acids sequence alignment of four ZP3 proteins. The complete sequence 
of the original ZP3 (NCBI Access. NP_571406) is shown. Dashes represent identical 
residues and dots represent missing sequence information. An asterisk is an insertion of gap 
for maximal sequence alignment. The signal peptide sequence is underlined and the ZP 
domain region is highlighted. The ZP signature is boxed.  
 
 
2.3.2 Zebrafish ZP2 and ZP3 gene families 
 
      In previously published literature, there are four zp2 cDNA/genes (zp2, zp2.2, zp2.3 and 
zp2.4) and two zp3 (zp3 and zpc) cDNAs reported in zebrafish (Wang and Gong, 1999; Del 
Giacco et al., 2000; Mould et al., 2001). In the zebrafish unigene database 
(http://www.ncbi.nlm.nih.gov/), there are four zp2 unigene clusters as listed above and three 
zp3 unigene clusters including zp3, zp3a and zp3b (zpc). From the zebrafish genome sequence 
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(http://www.ensembl.org/Danio_rerio/index.html), we found two additional divergent zp2 
(LOC555180 and LOC559251, named zp2v1 and zp2v2 in the present study) and two 
additional divergent zp3 genes (LOC563179 and LOC555835. named zp3v1 and zp3v2 in the 
present study). Thus, both zp2 and zp3 genes have several subfamilies and each subfamily 
may have multiple copies of the genes. As the four zp2 genes (zp2, zp2.2, zp2.3 and zp2.4) 
have very high sequence identities (96-98%), they can be considered to be the same subfamily. 
The two divergent zp2 genes, zp2v1 and zp2v2, share only 71-78% sequence identity with the 
zp2 sequence and 57.5% identity between the two variant genes; thus, there are at least three 
subfamilies of zp2 genes in zebrafish (zp2, zp2v1 and zp2v2). For the zp3 family, there are at 
least five subfamilies, including the three subfamilies as defined in the unigene clusters, zp3, 
zp3a and zp3b, plus the two zp3 variants, zp3v1 and zp3v2. The cross identity of the mRNA 
sequences between subfamilies is shown in Table 2-1. In predicted protein primary structure, 
all ZP proteins contain a conserved ZP domain (240-270 amino acids) in addition to the 
common signal peptide (Fig.2-5).  ZP2 proteins have an additional repetitive domain and 
trefoil domain. ZP3B also has a repetitive domain but not the trefoil domain. The structures of 
two ZP2 variants (ZP2v1 and ZP2v2) like ZP2 but have no repetitive domain, and two ZP3 
variants (ZP3v1 and ZP3v2) have the same structure as ZP3 protein.  
        By search in the ENSEMBLE genome database of zebrafish, we located our zp3 cluster 
on the reverse strand of Chromosome 21 (3324864-3355523 bp). By careful examining the 
sequence, we found that this region (~30.7 kb) includes five zp3 genes and three of them 
have high identity (93-98%) with zp3.1 (ENSDARG00000044777), zp3.2 
(GENSCAN00000024595) and zp3.3 (ENSDARG00000044780) in both the transcribed 
regions and non-transcribed regions. Similarly, the originally reported zp3 sequence (Wang 
and Gong, 1999) was also located on chromosome 21 by blasting in the genome database. 
By searching zebrafish genome sequence and unigene mapping, we also located all known 
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zp2 and zp3 genes in the zebrafish chromosomes. The three linked zp2 genes, zp2.2, zp2.3 
and zp2.4, were mapped to chromosome 20 and zp2v1 and zp2v2 were located on 
chromosomes 6 and 9 respectively. In the zp3 family, zp3a, zp3b, zp3v1 and zp3v2 were 
located in four different chromosomes: 20, 2, 1 and 16 respectively. Thus, these zp genes 
appear to be scattered in several different chromosomes in the zebrafish genome (Table 2-1). 
In addition, there is one zpa gene sequence available (Genbank access number: NM_212718) 
coding for a new ZPA domain containing protein that belongs to the ZP2 family. However, 
there is no trefoil domain or repetitive domain in this ZPA domain containing protein as 
other ZP2 proteins (Fig. 2-5). In a previous phylogenetic analysis of fish ZP1/ZPB (zpa/zp2) 
family, it has been suggested that teleost zp2 genes are not the othologs of mammalian zpa 
and they may belong to a special class of ZP genes named zpx (Conner and Hughes, 2003); 
in the present report, we continue to keep the original name zp2 to avoid confusion. 
             In chromosome 20, other than the zp2 gene cluster, we also found two zp3a genes 
(ENSDARG00000042129 and ENSDARG00000042130) as tandem repeats. These two 
zp3a genes have the same genomic structure like zp2 and zp3 with eight exons and the 
transcripts of the two zp3a genes share 91% identity. In addition, two zpa genes 
(ENSDARG00000041527, and ENSDARG00000011436) were also found as tandem repeat 
on chromosome 20 and their transcripts share with 99% identity. Thus, it is quite common 
that the ZP genes are organized as tandem repeats in the genome. 
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                Table 2-1 Cross sequence identity and chromosome locations of ZP2 and ZP3 subfamily genes and their chromosome locations 
  






































        
20 
   
100 
         
ZP2         NP_571405 ZP3      NP_571406 21 
ZP2v1 62 100  XP_682796 9  ZP3a 48 100    NP_001013289 20 
ZP2v2 52 51 100 XP_687663 6  ZP3b 34 39 100        NP_571771 2 
       ZP3v1 25 21 14 100       XP_685613 1 
       ZP3v2 
 







   Figure 2-5. Primary structures of zebrafish ZP proteins. All ZP proteins contain a ZP 
domain (240-270 amino acids). ZP2 proteins have an additional repetitive domain and 
a trefoil domain. ZP3b also has a repetitive domain.  
 
         As both zp2 and zp3 subfamily genes are organized in multiple tandem copies in 
the genome, to estimate copy numbers of these two gene families, real time PCR was 
performed (Fig 2-6). Standard curves for zp2 and zp3 were created by 10 fold serial 
dilution of 108 molecules of zp2 (A71) and zp3 (A3) plasmids in real-time PCR 
respectively. As only one copy of zp2/zp3 amplicon will be amplified from one 
A71/A3 molecule, the molecules of A71/A3 of standard curves were applied for 




calculate gene copy number, the molecular weight of a haploid zebrafish genome 
(1.7×109 bp) (Beier, 1999) was calculated by the following formula for double strand 
DNA: MW= DNA length ×607.4. The molecular weights of control cDNA plasmid of 
zp2 (A71) and zp3 (A3) were also calculated according to the above formula. 
Molecules were calculated based on Avogadro’s number, 6.022×1023 molecules/mole.  
So, 1 ng of A71 (4307 bp) or A3 (4303 bp) contain about 2.3 × 108 molecules. The 
total copies of zp2 or zp3 in 1 ng genomic DNA was calculated according to the 
standard curve in each reaction. As summarized in Table 2-2, both male and female 
genomes contain about equal numbers of zp2 and zp3 genes and the average copy 
numbers are 12.6±2.1 for zp2 and 19.4±1.6 for zp3. Conceptually, the copy numbers 
we estimated by the current method are only the minimal numbers as the primers we 
used may not amplify the divergent zp2 and zp3 genes. However, we believe that the 
numbers are very close to the real number as the primers we used perfectly or nearly 
perfectly (with one nucleotide mismatch) match to 10 out of 11 known zp2 and all of 
8 zp3 subfamily sequences retrieved from Genbank. So our estimation should include 
most zp2 (zp2, zp2.2-zp2.4) and zp3 (zp3, zp3.1-zp3.3) subfamily genes but not 





   
 
   Figure 2-6. Determination of copy number of zp2 and zp3 by real-time PCR.  A & B: 
Standard curves used for determination of zp2 and zp3 gene copy number. C & D: 
Amplification curves of zp2 and zp3 fluorescence values versus cycle number for 
genomic DNA of three fishes. All samples were analyzed in duplicate and the mean 
values were used for calculation of copy number. G1-G3: genomic DNA of 1-3 fishes. 




































































1 Copy number was determined by referring the standard curve constructed with 
serially diluted zp2 or zp3 plasmid DNAs by real time PCR. 
 2  Based on the estimated zebrafish genome size, 1.7x109 bp or  MW of  
1.03×1012 daltons; this will be translated to 583 molecules/per ng of genomic 
DNA based on Avogadro’s number (6.022×1023 molecules/mole). Thus, the 
copies per genome was calculated as Y=X/583. 
 
          
2.3.3 Developmental expression of zebrafish ZP2 and ZP3 
 
         As ZP proteins and vitellogenins are two major classes of female-specific 
proteins and play important roles in reproduction, it is interesting to characterize their 
ontogenic expression during development. Thus, total RNAs were prepared from 
zebrafish fry on a weekly interval from one-week-old to nine-week-old and zp2, zp3 
and vtg1 mRNAs were monitored by RT-PCR. As shown in Fig. 2-7, expression of 
zp2 and zp3 mRNA were detected as early as 3 weeks post fertilization, while vtg1 
expression was detected only from 8 wpf.  Thus, expression of zp genes is about 5 
weeks earlier than that of vtg genes, indicating that ovary or oocyte differentiation is 





Figure 2-7. Ontogenic expression of zp2, zp3 and vtg1 genes. RT-PCR was performed 
using total RNAs isolated from pooled fries from 1 wpf to 9wpf. The expression of 
zp2 and zp3 mRNAs was detected from 3 wpf (weeks post fertilization), while 




2.3.4 Tissue distribution of ZP2 and ZP3 mRNAs in response to estrogen  
          induction. 
 
           In order to detect the tissue-distribution and estrogen-response of zp2 and zp3 
genes of zebrafish, real time RT-PCR was carried out (Fig 2-8). The results are 
summarized in Figure 2-9. Tissues including skin, muscle, intestine, liver and ovary 
were selected and compared with those from estrogen treated zebrafish. As no 
expression of zp2 and zp3 was detected in control males and estrogen treated males, 
only tissues from females were applied in our quantification (Fig 2-8). The highest 
expression of zp2 and zp3 was detected in the ovary and no significant induction was 
found in the ovary after estrogen treatment. The ovary expression level of zp2 and zp3 
mRNAs was about 103~104 times higher than those of other tissues. Among all tissues 
examined, only the skin had about 20 folds increase of zp2 and 40 folds increase of 




skin compared with ovary expression (~104 fold lower), the increased expression was 
insignificant. All these results indicate that zp2 and zp3 are predominantly expressed 






Figure 2-8. Quantification of zp2 and zp3 RNA by real-time RT-PCR. A & B: 
Standard curves used for quantification of zp2 and zp3 RNA. C & D: Amplification 
curves of zp2 and zp3 fluorescence values versus  cycle number. All samples are from 








Figure 2-9. Relative expression levels of zp2 (A) and zp3 (B) mRNAs in different 
tissues from control zebrafish (White bars) and estrogen treated zebrafish (Black bars) 
by Real time RT-PCR. The log10 concentration was calculated from CP (cross point) 






2.4.1 Zp2 and zp3 gene families 
        In the present study, we found that both zp2 and zp3 genes have several 
subfamilies and many of the subfamilies have multiple members. Previously, it has 
been reported that some zp2 genes are organized in tandem repeats (Mould et al., 
2001). Now we found that zp3 genes were also organized in tandem repeats and they 
were located on zebrafish chromosome 21. By quantitative real time PCR analyses, 
we estimated that zebrafish had 10-15 copies of zp2 genes and 17-21 copies of zp3 
gene in a haploid genome. In addition, based on available zebrafish genome 
sequences, we also found several other ZP genes in tandem repeats in the genome. In 
particular, in zebrafish chromosome 20, three different classes of ZP genes can be 
located and all of them are organized as tandem repeats, including the zp2, zp3a and 
zpa subfamilies. In a previous study of zp2 family based on BLAST search of the 
dbEST database, there are at least six or seven copies of zp2 genes in the carp, 
medaka and zebrafish (Conner and Hughes, 2003). Our current study confirmed the 
multiple copies of zp2 and zp3 genes by determining the approximate numbers of 
gene copies. In the fugu (Takifugu rubripes) genome, it appears that there are only six 
zp2 and six zp3 homologs (http://www.ensembl.org/Danio_rerio); thus, it seems that 
the zebrafish genome contain much more zp2 and zp3 genes.  
 We also found several divergent members of zp2 and zp3 genes in the 
zebrafish genome. Despite of the high sequence divergence (34-78% identity), the 
basic protein structure of these proteins in ZP2 or ZP3 family is quite conserved and 
all of them have the same genomic structure with eight exons and seven introns, and 
the encoded proteins share the conserved ZP domain. In addition, the ZP2 family 
proteins also have a conserved trefoil domain and a repetitive domain. The trefoil 




cysteine-rich domain of approximately forty five amino-acid and has been found in 
some extracellular eukaryotic proteins secrete from the epithelia of gastrointestinal 
tissues (Bork, 1993; Hoffmann and Hauser, 1993). Its functions were thought to play 
a role either in protein-protein or in lectin-like interactions (Hoffmann and Hauser, 
1993). The role of repetitive domain is unknown, but it has been proposed to be 
involved in egg envelope hardening after fertilization (Sugiyama et al., 1998, 2000). It 
is likely that major ZP family genes were evolved before the divergence of fish and 
amphibians (Spargo and Hope, 2003) and the divergent subfamily genes on different 
chromosomes may result from whole genome duplication, while the multiple tandem-
repeated zp2 and zp3 genes may be due to lineage-specific gene duplication events.  
However, whether these proteins within each ZP2 and ZP3 families have distinct or 
common function remains an interesting question for future studies.    
  
2.4.2 Clusters of zp2 and zp3 genes in teleost fish  
 
      As shown in previous studies (Chang et al., 1997; Kanamori et al., 2000; Mould et 
al., 2002) and this study, both zp2 and zp3 gene clusters exist as tandem repeats in 
zebarafish, and clusters of zp3 also exist in carp and medaka. Based on current 
genome data of zebrafish, we only found one cluster each of zp2 and zp3 gene on 
chromosome 20 (scaffold Zv5_ NA4390) and chromosome 21 respectively, but the 
possibility of other chromosome locations of these two gene families can not be ruled 
out. There are at least three genes in zp2 cluster and five genes in zp3 cluster based on 
the zebrafish genome database (ENSEMBLE). Based on our real-time PCR data on 
determination of gene copy number, the zebrafish zp2 and zp3 clusters could contain 




chromosome 20 also indicate the duplicated zp genes may exist as tandem repeats in 
zebarfish genome.    
      As most mammalian ZP proteins were encoded by single copy genes only, one 
interesting question is how these teleost fish ZP gene clusters were evolved. Clusters 
of hox genes are well known in all multi-cellular organisms. There are about 50 hox 
genes exist in seven clusters in zebrafish (Amores et al., 1998, Santini S, 2005). By 
mapping experiment, Amores et al.(1998) suggested that the hox gene clusters in 
zebrafish was derived from two sequential chromosome (or genome) duplications 
before the divergence of ray-finned and lobe-finned fishes, and one more in ray-
finned fish before the teleost fish radiation. As zebrafish often contains duplicated 
chromosome segments of mammalian genes, the zebrafish frequently has two 
orthologs for mammalian genes. However, the multiple copies of fish genes may also 
derive from independent gene duplication in fish lineages rather than whole genome 
duplication (Robinson et al, 2001). The zebrafish zp gene clusters may also be 
resulted from frequent gene duplication events after the teleost fish radiation. In 
addition, analysis of the patterns of duplicated genes in zebrafish and medaka 
suggested the hypothesis that the ancestral vertebrate karyotype comprised 12 
chromosomes, which expanded in number in the teleost lineage via duplication, and in 
the tetrapod lineage largely by fragmentation (Postlethwait et al. 2000; Naruse et al. 
2004).  It was hypothesized that the gene duplication event of zebrafish may be 
related to the frequent reproduction with more eggs under the selective pressure in 
evolution (Mould et al., 2001). 
 





        In the mouse and human, expression of ZP genes has been found specifically in 
the ovary and was restricted only to the developing oocytes (Wassarman et al., 2004). 
The same expression pattern of zp2 and zp3 has also been found in zebrafish, carp and 
gold fish (Del Giacco et al., 2000; Mold et al., 2001; Wang and Gong, 1999; Chang et 
al, 1996, 1997). However, in some teleost fishes, expression of ZP genes has been 
found in the liver and is inducible by estrogen (Muruta et al., 1997; Sugiyama and 
Iuchi, 1998). In medaka, three ZP precursor protein genes (choriogenin H,  
choriogenin  L and choriogenin Hm) are expressed specifically in the female liver and 
can be induced in the male liver by estrogen treatment, while other five medaka zpc 
genes are expressed in ovary (Knanmori et al., 2000). Liver-specific expression of zpb 
genes has also been found for Atalantic salmon, rainbow trout, winter flounder and 
sheepshead minnows (Celius and Walther, 1998; Arukwe et al., 2002; Sugiyama and 
Iuchi, 2000; Knoebl et al., 2004). Thus, the expression pattern of ZP genes varies 
among fish species. Recently, it has been reported that medaka and fugu have both 
liver-specific ZP genes (choriogenins) and oocyte-specific ZP genes (Knanmori et al., 
2003). However, it is not clear whether this is the case for all teleost species. Based on 
the quantitative real-time RT-PCR analyses, we found that both zp2 and zp3 mRNAs 
are predominantly expressed in the ovary in zebrafish. Though both mRNAs were 
detected in the liver, the levels of these mRNAs are at least 104 fold lower than those 
in the ovary, even after E2 treatment. So far, the zebrafish genome sequence is near 
completed, and there is no sign of the presence of liver-specific ZP genes homologous 
to medaka chorigenins, suggesting that likely the zebrafish genome does not have 
such orthologs. The reason of liver-specific ZP expression in some teleost fishes was 




evolved with further expression pattern in liver, or loss of some ZP genes lead to 
either liver or oocyte expression only (Conner and Hughes, 2003).  
 
2.4.4 Zebrafish zp2 and zp3 are non-estrogen responsive genes 
 
            Estrogen induction of liver-specific ZP genes has been found in medaka, 
Atlantic salmon, sheephead minnows and rainbow trout (Hyllner et al., 2001; Celius, 
1998; Muruta et al., 1997; Knoebl et al., 2004). However, there was no effect on 
ovary expression of zp2 and zp3 in zebrafish by estrogen treatment from our results 
(Figure 2-9, A & B). There was also no induction of zp2 and zp3 mRNA in other 
tissues examined, except for the skin tissues. We found about 20 fold induction of zp2 
mRNA and 40 fold induction zp3 mRNA in the skin after estrogen treatment. Skin 
induction of ERα was also detected after estrogen treatment (Wang, 2004). This may 
be due to the direct contact of skin in the estrogen immersion experiment. While we 
found that the ovary expressed zp2 and zp3 are insensitive to estrogen induction, some 
previous studies indicated an estrogen response of ZP gene in some teleosts (Clius T, 
2000; Larkin et al., 2002). In rainbow trout (Oncorhynchus mykiss), quantification of 
zona radiata (ZR) and vitellogenin mRNA levels using real-time PCR after both E2 
and alpha-zearalenol (alpha-ZEA) treatment indicated that ZR was more sensitive to 
estrogen than vitellogenin (Clius, 2000). Choriogenin L is the most sensitive gene 
among the three types of E2 responsive genes (choriogenin, vtg and ER) in male 
medaka treated by estrogen chemicals (Lee et al., 2002). In Atlantic salmon, the ZR-
beta was also found more responsive to the xenoestrogens than vtg (Arukwe et al., 
2000). Larkin et al (2002) also found that zp2 (or vitelline envelope protein) was one 
of the estrogen responsive genes in sheepshead minnows.  However, in sheephead 




genes (Knoebl et al., 2004). All these estrogen responsive ZP (or ZR) genes were 
liver-specifically expressed genes like vitellogenin and medaka choriogenin, they can 
also be induced in male liver by estrogen treatment. So far, there is no report 
published on estrogen induction of ovary-sepcific zp genes. Consistent with this, 
Wang (2004) found that the expression of E2 receptor genes such as ERα was induced 
by estrogen at least six folds in the liver while the level of ERα mRNA was essentially 
the same or slightly reduced in the ovary. These observations indicated that the ovary, 
unlike the liver, was a non-estrogen inducible organ. In most estrogen responsive 
genes, one or more EREs (estrogen responsive elements) can be identified in the 
promoter region such as vtg1 and ER, while there is no ERE found in either zp2 
(Mould et al., 2002) or zp3 promoters; thus, zebrafish zp2 and zp3 were not estrogen 
responsive genes.  
 
2.4.5 Comparison of zp gene and vitellogenin gene expression patterns 
 
        In the present study, zp mRNAs were first detected at 3 wpf while vtg1 at 8 wpf. 
Thus, developmental activation of zp genes was ~5 weeks earlier than that of vtg 
(Figure 2-7). This was expected, because vitellogenesis began in oocytes at 
developmental stage III. So the development of first batch of oocytes may begin at 3 
wpf and the first vitellogenesis may occur at 8 wpf. As zebrafish has a juvenile 
hermaphroditism period during development (Takahashi, 1977; Uchida, 2002), the 
early expression of ZP genes at 3 wpf may only indicate the early hermaphroditism, 
but not the sex differentiation.  
        On the other hand, expression of vtg1 was detected in the female liver and male 
liver after estrogen induction, so vtg was inducible by estrogen (Tong et al., 2004; 




insensitive to estrogen. The ERE transcription factor was found in the 5’ flanking 
regions of both medaka and zebrafish vtg1 sequences (Shan, 2002), while no ERE 
was found in the zp2 and zp3 gene promoters, consistent with the behavior of these 
genes in response to estrogen. Vetellogenin is not expressed in male fish but can be 
induced by exogenous estrogen in male liver. In contrast, zp2 and zp3 mRNAs are not 
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        In zebrafish, very few studies have been reported on sex determination and 
differentiation. Uchida et al (2002) found that zebrafish must experience a 
hemaphroditism period, in which all fish develop an ovary like tissues first and then 
half of them will differentiate into males with disappearance of apoptopic oocytes 
between 21 and 35 days after hatching. This pattern of oocyte apoptosis was male 
specific and was found only in the early diplotene oocytes. Several exogenous factors 
such as sex hormones, temperatures and pH can affect gonadal sex differentiation in 
fish. It has been hypothesized that sex hormones act as endogenous sex inducers 
during sex differentiation of medaka with androgens as testicular inducers and 
estrogens as ovarian inducers. Complete sex reversal induced by exogenous hormones 
was found in tilapia, zebrafish and medaka (Nakamura, et al. 1998; Anderson et al., 
2003).        
        The hormonal effect on sex differentiation has been studied in zebrafish. 
Significant sex ratios in female direction were observed at 1 ng/L EE2 (17α-
ethynylestrodiol) and complete sex reversal took place after exposure to 2 ng/L EE2, 
while exposure to MT (17α-methyltestosterone) at 26-1000 ng/L induced sex 
differentiation to male direction (Orn, et al., 2003). The developing period was also 
critical to the effect of hormone treatment. It was found that exposure to EE2 during 
20-60 days post hatch (dph) showed high female ratios, while no significant sex 
reversal was observed when the exporure was before 20 dph (Anderson et al., 2003). 
This may be due to the transformation of ovaries into testis during 20-40 dph, which 




           Most experimental methods applied in studying fish sex differentiation to date 
are histological or molecular by in-situ hybridization; thus sex differentiation is not 
directly observable. It will be convenient if a living color fish with gonad specific 
GFP expression is available. As the expression of zebrafish zp3 gene is detected 
predominantly in the ovary of females but not in any tissues of males, it is an 
excellent molecular marker for study of female gonad development and sex 
differentiation. In addition, zebrafish zp3 genes were clustered as tandem repeats in 
the genome. It is well known that the regulatory mechanism of some clustered genes 
such as the globin gene cluster is controlled by a DNAase I sensitive LCR (locus 
control region), which is critical to control the expression of the whole globin gene 
cluster in erythrocyte lineage (Cao and Moi, 2002). However, it is not clear whether 
the oocyte-specific expression of zebrafish zp3 gene cluster is under a similar control 
mechanism by a LCR or under the control of individual zp3 gene promoters.  
      In this chapter, we attempted to test whether individual gene promoter is sufficient 
for the oocyte specificity of zp3 gene expression, and to develop a transgenic line with 
ovary-specific GFP for further study of zebrafish sex differentiation. Firstly, a 3.8 kb 
5’ flanking region of zebrafish zp3.2 gene was amplified and linked with EGFP to 
make a pZP3-EGFP construct. Secondly, two stable zp3:gfp transgenic zebrafish lines 
with oocyte-specific GFP expression were developed after microinjection of this 
pZP3-EGFP construct and screening. Finally, this zp3:gfp transgenic zebrafish was 
used for tracing the gonad development and for estrogen treatment experiments to 





3.2 Materials and Methods 
3.2.1 Construction of pZP3-EGFP 
 
3.2.1.1 PCR amplification of 5’ flanking region of zp3 gene 
PCR was carried out to amplify the 5’ flanking region of zp3 gene from phage 
DNA template. A reverse primer ZPG-CR (5’-CGCCGCGGCCTTGAAGACTC-3’) 
was designed, priming a region upstream of the ATG start codon (Fig. 3-1). A Sac II 
site (boxed) was added in the 5’ end of the ZPG-CR primer for facilitating cloning. 
PCR amplification of phage DNA template was performed with ZPG-CR and forward 
vector primer SP6 (5’-ATTTAGGTGACACTATAGAA-3’). PCR was carried out 
using the Genomic Advantage 2 polymerase mix (Clontech, USA).  Briefly, the PCR 
was performed at 94ºC/1 min, followed by 6 cycles of 94ºC/1 min, 60ºC/1 min and 
68ºC/6 min, and next by 24 cycles of  94ºC/1 min, 58ºC/1 min and 68ºC/6 min, finally 
with an extension of 68ºC/6 min. A ~3.8 kb fragment of 5’ flanking region of zp3.2 
including truncated zp3.1 was amplified and the fragment was cloned into the pGEM-
T vector (Promega Co, USA). The ~3.8 kb insert was sequenced completely by 
automatic sequence reaction. 
3.2.1.2 Restriction enzyme digestion 
Restriction digestion is employed to screen recombinant clones and to release 
specific DNA fragments. All of the restriction enzymes in this project were purchased 
either from New England Biolabs, USA or from Promega, USA. All digestions were 
performed at 37 ºC for 1-3 hours with proper reaction buffers in a total volume of 20 
μl. The digested DNA was analyzed by electrophoresis using appropriate 
concentrations of agarose gel (1-1.5%) according to the size of DNA of interest. 
            The experimental strategy for making the pZP3-EGFP construct was 




5’ flanking region about 3.8 kb upstream of the ATG start codon. The PCR amplified 
3.8-kb fragment was digested by Sac II and Pst I, prior to cloning into the gfp vector 
pEGFP-1 (Clontech, USA), which was pre-digested with Sac II and Pst I. Cohesive 
end ligation was carried out at 16°C over night and chimeric construct ZP3-EGFP 
construct was obtained (Fig. 3-1). The detailed procedures are described as following. 
3.2.1.3. DNA fragment extraction from agarose gel 
QIAquick Gel Extraction Kit (QIAGEN) was used to recover the interested 
DNA fragments ranging from agarose gel according to manufacturer's instruction. 
Briefly, the gel slice containing the DNA band of interest was melted at 50 °C in 
about three gel volume buffer QG for 10 minutes, and 1 gel volume of isopropanol 
was added and mixed, and then loaded into a QIAquick spin column. The column was 
centrifuged at 14,000 rpm for 1 minute and washed by adding 750 μl of Buffer PE. 
After removing residual buffer PE by spinning at 14,000 rpm for 1 minute, 30 μl of 
water was added to the center of the column, and incubated at room temperature for 1 








Figure 3-1. Procedures for constructing pZP3-EGFP. The 3.8 kb 5’-flanking region of 
zp3.2 gene (include 1.6 kb zp3.1 coding region) was amplified with Pst I and Sac II 
restriction enzyme cut sites at the 5’and 3’ ends respectively, and ligated with the 




3.2.1.4 Ligation with pEGFP-1 vector 
The pEGFP-1 vector (Clontech Co., USA) was cut with Pst I and SacII, and 
recovered by agarose gel extraction as described in 3.2.1.3. The 3.8 kb 5’ flanking 
region of zp3.2 was ligated with the pEGFP-1 vector. The  ligation reaction was 
carried out typically in 10 μl of volume, containing 1 μl of 10× ligation buffer (0.3 M 
Tris-HCl, pH 7.8; 0.1 M MgCl2, 0.1 M DTT and 5 mM ATP), 3 μl of insert DNA, 1 
μl of vector DNA, 1 μl of T4 DNA ligase (Gibco BRL, USA) and 4 μl H2O.  The 
ligation reaction was usually carried out at 16 ºC overnight.  
3.2.1.5 Transformation 
       Competent cells were prepared for transformation of either plasmid DNA or 
ligated DNA construct. To prepare competent bacterial cells, 2 ml of LB broth was 
inoculated with a single fresh colony of Escherichia Coli DH5α and incubated at 37 
ºC overnight with shaking at 250 rpm. In the following morning, 0.5 ml of overnight 
culture was re-inoculated into a 500-ml flask containing 100 ml of LB broth and 
shaken at 250 rpm at 37ºC until its OD600 reached around 0.5. The culture was 
chilled on ice for 15 minutes and cells were pelleted by centrifugation at 1,000 g at 4 
ºC for 15 minutes. The pelleted cells were drained thoroughly and resuspended in 30 
ml of buffer RF1 (100 mM RbCl, 50 mM MnCl2·4H2O, 30 mM potassium acetate, 10 
mM CaCl2·2H2O, 15% glycerol) with moderate vortexing. After incubation on ice for 
15 minutes, the cells were pelleted and resuspended in 8 ml of bufffer RF2 (10 mM 
MOPS, 10 mM RbCl, 75 mM CaCl2·2H2O, 15% glycerol). After another15 minute 
incubation on ice, the competent cells were transferred into 1.5-ml microcentrifuge 
tubes in aliquot of 100 μl and stored at -80ºC. The frozen stock was used for 




       Transformation was carried out as following. Usually, 10 μl of ligation reaction 
was added into 80-100 μl of E. Coli DH5α competent cell. This mix was then 
incubated on ice for 30 minutes. After being shocked by heating at 37 ºC for 1 minute, 
the tube was cooled immediately on ice for 2 minutes. 500 μl of LB medium was then 
added to the transformation mixture, and it was incubated at 37 ºC for 1 hour with 
shaking at 200 rpm. Subsequently, 100-150 ul of the total reaction mixture was spread 
onto two separate LB plates supplemented with appropriate antibiotic (kanmycin 
30ug/ml). The plates were incubated at 37 ºC overnight. Positive clones were 
screened by PCR with a pair of primers within the promoter region, and confirmed by 
DNA sequencing.  
 
3.2.2 Plasmid DNA preparation 
 
3.2.2.1 Plasmid DNA miniprep 
A small scale of plasmid DNA was prepared using Wizard Miniprep Kit 
(Promega, USA). Typically, around 20-30 μg of plasmid DNA can be isolated from 
6-10 ml of overnight bacteria culture in Luria-Bertani (LB) medium.  
The 6-10 ml overnight culture in LB medium with appropriate antibiotic was 
harvested by centrifugation at 10,000 rpm for 5 minute in an Eppendorf 
microcentrifuge (Germany). The bacterial pellet was resuspended in 250 μl of Cell 
Resuspension Solution (100 μg/ml RNase A; 10 mM EDTA; 50 mM Tris, pH 7.5). 
250 μl of Cell Lysis Solution (0.2 M NaOH, 1% SDS) was added to the bacteria 
suspension and mixed by gently inverting the tube several times. Then 10 μl of 
alkaline protease (10 mg/ml) was added and incubated at RT for 5 min. This mixture 
was then neutralized by adding 350 μl of Neutralization Buffer (1.32 M KOAc, pH 




transferred into a fresh Minicolumn in a 2 ml collection tube and centrifuged at the 
top speed for 1 min, followed by washes with 750 μl Wash Solution (80 μM KOAc; 
40 μM EDTA; 8.3 mM Tris-HCl, pH 7.5; and 55% ethanol) once for 1 min, and then 
with 250 μl Wash Solution once by centrifuge at top speed for 2 min. The 
Minicolumn was then transferred to a new eppendorff tube. 30-50 μl of water was 
added to the Minicolumn. After 1 minute incubation at room temperature, plasmid 
DNA was eluted from the Minicolumn by centrifugation at 14,000 rpm for 1 min. 
 3.2.2.2 Plasmid DNA maxiprep 
Plasmid DNA was prepared using QIAGEN Plasmid Maxi Kit (QIAGEN, 
USA) and up to 500 μg of plasmid DNA can be obtained from 100 ml of overnight 
LB culture. Generally, the overnight bacteria culture in LB medium with appropriate 
antibiotic was harvested by centrifugation at 6,000 g for 15 minutes using the GS-15R 
centrifuge (Beckman, USA). The bacteria pellet was resuspended in 10 ml of solution 
P1 (100 μg/ml RNase A; 10 mM EDTA; 50 mM Tris-HCl, pH 8.0). 10 ml of solution 
P2 (200 mM NaOH, 1% SDS) was added, and the solution was mixed gently and 
incubated at room temperature for 5 minutes. The mixture was neutralized by adding 
10 ml of solution P3 (3.0 M potassium acetate, pH 5.5) and incubated on ice for 20 
minutes. After centrifugation at 10,000 rpm for 30 minutes at 4 ºC (Sigma Model 
3K10, Sigma, USA), the supernatant was removed promptly and centrifuged at 
10,000 rpm for 15 minutes at 4ºC again. A QIAGEN tip 500 was equilibrated by 
applying 10 ml Buffer QBT (750 mM NaCl; 15 % ethanol; 0.15% Triton X-100; 50 
mM MOPS, pH 7.0) and the column was allowed to drain by gravity flow. The 
supernatant after the second centrifugation was applied to the column and allowed to 
drip by gravity flow. The column was then washed with 2 ×30 ml Buffer QC (1.0 M 




Buffer QF (1.25 M NaCl, 15 % ethanol, 50 mM Tris-HCl, pH 8.5), precipitated with 
0.7 volumes of room temperature isopropanol and collected by centrifugation at 
10,000 rpm for 30 minutes at 4ºC. The plasmid DNA pellet was washed with 5 ml of 
70% ethanol, air-dried for 5 minutes, and re-dissolved in a suitable volume of sterile 
water or TE buffer (1 mM EDTA; 10 mM Tris-Hcl, Ph8.0).  
3.2.2.3 Plasmid DNA lineralization and purification 
 
        The pZP3-EGFP plasmid DNA and pKRT8-RFP (Appendix, Wan et al., 2002) 
plasmid DNA were lineralized with Pst I and EcoR I (Promega Co., USA) 
respectively in a 40 μl volume including 20 μl (400 ng/μl) of plasmid DNA, 4 μl of 
10X buffer, 2 μl of Pst I or EcoR I (15 U/μl), and 14 μl of H2O. The reaction was 
carried out in 37ºC for 2-3 hours, purified with Phenol/Chloroform (24:1) for once. 
The lineralized DNA was precipitated with 100% Ethanol and 5 mM NaAc (PH 5.2), 
and washed with 70% ethanol. Finally it was dissolved in H2O at 200 ng/ μl. 
3.2.3 Fish maintenance and embryo collection 
 
             Zebrafish were maintained basically according to the method described by 
Westerfield (1994). The fish embryos was raised up in egg water (5 mM NaCl, 0.17 
mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, 0.0001/1000 Methylene Blue) in a 
28.5ºC incubator till 4-5 days post fertilization (dpf), then transferred to a 5 L tank 
with one litre egg water. Normally, the fish larvae were fed twice per day with flake 
foods (Aquori, USA) and Artimia nauplia till one and half months. The juvenile fish 
after one month old was transferred to 10 L containers of the Aquarium System 
(Aquori, USA), and fed with red blood worms twice a day. During the spawning 
period, the fish were fed with brine shrimps (World Aquafeeds,USA) and were kept 
under the photoperiod cycle set at 14 hours of day (light) and 10 hours for night (dark). 




were put in a mating tank with an inner sieved container and separated by a spacer. In 
the next morning, embryos were collected in the bottom of mating tank after mix the 
paired fish for breeding by remove the spacer.  
3.2.4 Microinjection and Screening 
 
        The linearized pZP3-EGFP DNA was mixed with 0.025% Phenol Red (in 0.1m 
Tris-HCl) at a final concentration of 100-200 ng/μl and co-injected with CK-RFP into 
cytoplasm of zebrafish embryos at one or two cells stage. Each embryo was injected 
with 300-500 pl of DNA. Injected embryos were kept in a 28.5ºC incubator.  
       The injected embryos with skin RFP expression resulted from pCK-RFP were 
selected and raised up to adulthood. The zebrafish reached sexual maturity in about 
three months. For transgenic screening, the male/female founder fishes were mated 
with wild type female/male fishes, and at least 100 F1 embryos were collected for 
transgenic screening.  Both observation of RFP/GFP and PCR screen method were 
applied to the F1 embryos. The PCR screening method was adapted from Zebrafish 
Book (Nusslein-Volhard et al., 2002).    Genomic DNA was prepared from 100 
pooled embryos (4-5 dpf) and PCR was carried out with gfp/rfp specific primers with 
a normal PCR program: 94ºC /5 min; 30 cycles of 94ºC/30 sec, 58ºC/30 sec, and 
72ºC/1 min; followed with 72ºC/10 min for extension. As zp3 gene showed maternal 
expression in 0-48 hpf embryos, the F1 embryos were also screened by observation of 
maternal GFP and skin-RFP by 24 hpf.  
 
3.2.5 GFP and RFP observation 
 
Observation of GFP expression and photography were performed under a 
Zeiss Axiovert 25 fluorescence microscopy. GFP was observed under a blue filter 




taken by using a CCD digital camera (Optronic Co.) attached to the microscope (Zeiss, 
Germany).  
 
3.2.6 Whole mount in situ hybridization  
3.2.6.1 Probe synthesis 
About 5 μg of plasmid DNA was linearized at the 5’ end of the cDNA insert 
by BamHI digestion at 37ºC for 2 hours. The digestion reaction was stopped by 
phenol/chloroform extraction, followed by ethanol precipitation. The linearized DNA 
was resuspended in 20 μl of water. 1 μg of linearized DNA was used to synthesize 
DIG-RNA probe. The reaction was performed at 37 ºC for 2 hours in a total volume 
of 20 μl containing 4 μl of 5x transcription buffer (Stratagene, USA), 2 μl of DIG-
NTP mix [10 mM ATP, 10 mM CTP, 10 mM GTP, 6.5 mM UTP, and 3.5 mM DIG-
UTP (Boehinger, Germany)], 1 μl of RNAse inhibitor (40 U/μl) (Promega, USA) and 
1 μl of T7 RNA polymerase (50 U/μl) (Promega, USA). Following the reaction, 2 μl 
of RNAse free DNAse I was used to digest the DNA template at 37 ºC for 15 minutes. 
The digestion was stopped by adding 1 μl of 0.5 M EDTA (pH 8.0). 2.5 μl of 4 M 
LiCl and 75 μl of cold 100% ethanol was added to precipitate the RNA. After 
washing with 70% ethanol, the RNA probe was dissolved in 100 μl of DEPC treated 
water.  
3.2.6.2 Preparation of staged zebrafish embryos 
All zebrafish embryos used in this project were staged according to the 
Zebrafish Book (Westerfield, 1989) and indicated as hours post fertilization (hpf) at 
28.5 ºC. Staged embryos were fixed in freshly prepared 4% paraformadehyde 
(PFA)/PBS for 12 to 24 hours at room temperature (or 4 ºC overnight). Embryos 




afterwards. Embryos older than 16 hpf were de-chorionated before fixation. Older 
embryos with tails were hibernated on ice before fixation to prevent the curling of 
tails. After fixation, the embryos were washed in PBT (0.1% Tween 20 in PBS) twice 
for one minute each, followed by four times for 20 minutes each on a nutator (CLAY 
ADAMS Brand, Becton Dockinson, USA) at room temperature. After changing PBT 
to methanol, the embryos were kept in –20 ºC for several months. Before they were 
used for in situ hybridization, the embryos were re-hydrated in PBS in two or three 
times by changing half volume of solution each time. The abdomen of three week old 
juvenile fish was opened by removing part of muscle, then fixed in 4% PFA overnight 
and carried out in situ hybridization. 
3.2.6.3 Proteinase K treatment 
This step is absolutely necessary for embryos older than 14 somites (16 hpf). 
Embryos were treated with 10 μg/ml of proteinase K in PBT at room temperature. 
The time of treatment depended upon the age of embryos and the specific activity of 
proteinase K, which varied form batch to batch.  In most cases, the following time 
table was adopted. 
            16-24 hpf           3-4 minutes 
            24-32 hpf           5-6 minutes 
            32-50 hpf           10-20 minutes 
            50-72 hpf           20-45 minutes 
            72 hpf or older   45-75 minutes 
         To stop the proteinase K reaction, the proteinase K solution was removed 
completely, and the embryos were re-fixed in 4% PFA/PBS for 20 minutes at room 
temperature. Embryos were then washed in PBT twice for one minute each and four 





Prehybridization was performed by changing half volume of washing solution 
with hybridization buffer [50% formamide, 5x SSC, 50 μg/ml Heparine, 500 μg/ml 
tRNA, 0.1% Tween 20, pH 6.0 (adjusted by citric acid)] and incubated at room 
temperature for one hour. This solution was removed and replaced with hybridization 
buffer and embryos were incubated at 70 ºC for 2-5 hours.  
3.2.6.5 Hybridization 
1 μl of DIG-labeled probe was diluted in 200 μl of hybridization buffer and 
denatured at 80 ºC for 5 minutes followed by 5 minutes of ice bath. Embryos of 
different stages were selected and mixed together. The original buffer was removed 
completely and the probe was added in. Hybridization was performed at 70 ºC in a 
circulating water bath overnight with shaking.  
3.2.6.6 Post-Hybridization Washing 
In the next morning, the probe was removed and replaced with pre-warmed 5x 
SSC. The embryos were washed in 5x SSC for 2 hours at 70 ºC, followed by another 
wash in 2x SSC at 70 ºC for 2 hours. Subsequently, the embryos were washed twice at 
room temperature for 5 minutes each with PBS.  
3.2.6.7 Incubation with antibody 
3.2.6.7.1 Preparation of preabsorbed DIG-AP antibody 
Commercial DIG-AP antibody (Boehringer, Germany) should be preincubated 
with biological tissues, preferably of the same region as the sample that later will be 
used for detection of signals, to decrease the staining background and increase signal-
to-noise ratio. In this project, anti-DIG-AP was diluted to 1:500 in PBS/10% FCS and 
incubated with 50 zebrafish embryos of any stage on a nutator at room temperature 




diluted to 1:5000 with PBS/10% FCS. 10 μl of 0.5 M EDTA (pH 8.0) and 5 μl of 
10% sodium azide was added to prevent bacterial growth. The preabsorbed antibody 
was stored at 4 ºC and can be used repeatedly.  
 3.2.6.7.2 Incubation with preabsorbed anti-DIG-AP antibody 
The embryos after hybridization and post-hybridization washes were 
incubated in PBS/10% FCS for 2 hours at room temperature to block non-specific 
binding sites for antibody. After removing the blocking solution, the embryos were 
incubated with preabsorbed anti-DIG-AP antibody at 4 ºC overnight. 
 3.2.6.8 Staining 
Embryos were washed in PBT twice for one minute each, and 4 times for 45 
minutes each on a nutator at room temperature followed by washing in buffer 9.5 (0.1 
M Tris-HCl, pH 9.5; 50 mM MgCl2, 10 mM NaCl and 0.1% Tween 20) once for 30 
seconds and twice for 10 minutes each. 4.5 μl of NBT (nitro blue tetrazolium, 
Boeringer, Germany) (50 mg/ml in 70% dimethyl formamide) and 3.5 μl of BCIP (5-
bromo 4-chloro 3-indolil phosphate, Boeringer, Germany) (50 mg/ml in H2O) was 
added into 1 ml of buffer 9.5 with embryos and mixed thoroughly. Embryos were kept 
in dark at room temperature for several hours, and the progress of staining was 
monitored from time to time under a LEICA MZ12 microscope (Leica, Germany). To 
stop the reaction, staining solution was removed and the embryos were washed in 
PBS twice for 10 minutes each. Embryos were preserved in 4% PFA/PBS at 4 ºC. 
 3.2.6.9 Mounting and photography 
Selected embryos were washed with PBS twice for 10 minutes each and 
transferred to 50% glycerol/PBS, equilibrated at room temperature for two hours. For 
whole mounts, a single chamber was made by placing stacks of 2-3 small cover 




stacks will be fixed in one hour after placing a drop of Permount between them. 
Selected embryo was transferred to the chamber in a small drop of 50% glycerol/PBS 
and oriented by a needle. A 22 x 44 mm cover slip with a small drop of the same 
buffer was superimposed onto the embryo. The orientation of the embryo can be 
adjusted by gently moving the cover glass. 
For flat specimen, the yolk of selected embryo was carefully removed by 
needles. The embryo without yolk was then placed onto a slide with a small drop of 
50% glycerol/ PBS and adjusted to a proper orientation by removing excess of liquid 
and by needles. A small fragment of cover slip (as small as possible) was covered 
onto the embryo. Care was taken to avoid bubbles and a drop of 50% glycerol/PBS 
was added to fill the space under the cover slip. This specimen was sealed with nail 
polish along the edge of the cover glass to prevent it from drying. 
For cross-section, some of the stained embryos were embedded in a 1.5% 
agarose/5% sucrose block and equilibrated in 30% sucrose overnight. The embedded 
embryos was frozen in liquid nitrogen, and then sectioned with a cryostat microtome 
(LEICA CM1900, Leica Co.) in transverse orientation (~12 μm). After section, the 
specimen was fixed with 4% PFA/PBS for 10 min and washed with PBS twice for 5 
minute each.  
Photos were taken using a camera mounted to an Olympus AX-70 microscope 
(Olympus, Japan). The film used was Kodak Gold 400 ASA. Digital photos of section 
embryos were taken on a Zeiss microspcope (Zeiss Axiovert 25) installed with a CCD 
digital camera.  
3.2.7. Estrogen treatment 
       The estrogen (E2) stock solution (1 mg/ml) was prepared by dissolving E2 




ng/μl in 100% ethanol. The working solution was then sonicated for 30 min on ice 
and stored at 4 ºC. The transgenic embryos (4 wpf) were treated with 1 ng/L, 10 ng/L, 
and 100 ng/L in a 10 litre-tank respectively in a density at 40 fishes per tank. After 4 
weeks post-fertilization, they were transferred to a 25 litre-tank. Treatment lasted near 
two months from 4 days post-fertilization to 60 days post-fertilization. The water was 
changed daily, and fishes were fed with Artemia nauplia and blood worms twice a 
day. The water temperature was 26-28 ºC, the light period was about 12 hrs of 
daylight / 12 hrs dark everyday. Fish were observed from 7 days to 60 days old 





3.3.1 Sequence analysis of zebrafish zp3.2 promoter region 
 
        To address the question whether an individual zp3 promoter is sufficient for the 
oocyte-specific expression, the 5’ flanking sequence of zp3.2 gene was inserted into a 
gfp vector to construct a pZP3-EGFP chimeric plasmid. The sequence of 2.2-kb 
proximal promoter region of zp3.2 is shown in Figure 3-2. The TATA box was found 
at 42 bp upstream of the translation start codon. Several potential cis-elements for 
transcription factors were identified, including those for FIGα (Factors In the 
Germline alpha) (E-boxes), Osp-1 (ovary-specific protein 1), Oct-4 (Octamer-4), etc. 
Totally ten E-boxes, three Osp-1, and one Oct-4 binding sites were identified in the 
2.2-kb zp3.2 promoter region.  
3.3.2 Development of zp3:gfp transgenic zebrafish 
 
      To develop zp3:gfp transgenic lines with oocyte-specific GFP expression for the 
study of zebrafish gonad development and sex differentiation, the lineralized pZP3-
EGFP construct was microinjected into 1-2 cell zebrafish embryos and the adult 
founders were screened. As the fish ovary development can not be observed in early 
stage embryos, we injected the pKRT8-RFP together with pZP3-EGFP to facilitate 
the screening of transgenic zebrafish. The pKRT8-RFP construct contains a keratin8 
promoter in the RFP vector, pDsRed-1 (Clontech), and the skin-specific expression of 
RFP can be observed in injected embryos after 16 hpf (Wan et al., 2002). Expression 
of skin-specific RFP was observed in 85% zebrafish embryos co-injected with 
pKRT8-RFP and pZP3-EGFP, but no obvious GFP was detected in the early stage 
embryos. The injected embryos with RFP expression were raised to adult and no 
transient or ectopic GFP expression was observed in the adult F0 fishes. These 





Figure 3-2. A: Sequence of the 5’ flanking region of zp3.2. The cis-elements for 
important transcription factors in ovary-specific transcription are labeled with 
different patterns: ten E-boxes (CANNTG), boxed; three Osp-1 binding sites [G 
(G/A)T(G/A)A], underlined; one Oct-4 binding sites (ATGCAAAT), bolded and 
underlined letters; The putative TATA box is highlighted. The coding sequence for 
zp3.1 and zp3.2 were bolded. B: Schematic representation of the 2.2 kb zp3.2 
promoter region. The important cis-elements are indicated with different symbols as 






      Totally 65 female and 15 male founders were screened and two transgenic female 




was screened by PCR method, and confirmed by detection of maternal and ovary-
specific GFP expression in F1 and F2 embryos. However, no RFP DNA or skin-RFP 
expression (Fig 3-4) was detected in this transgenic line, suggesting that only the 
zp3:gfp DNA was integrated (Fig 3-3). This transgenic line is defined as line A.   The 
second line or line B was detected with both skin-RFP and ovary-specific GFP 
expression (Fig 3-6), and both gfp and rfp DNA was detected in this transgenic line 
(Fig 3-3). The positive rate of F1 embryos from the two female founders was about 
12-15 %. Maternal GFP was clearly observed from zygote to 48 hour post fertilization 
(hpf). The maternal GFP began to disappear after 24 hpf and became very weak after 







 Figure 3-3. PCR screen for zp3:gfp transgenic zebrafish. Only gfp DNA was detected 
in Line A (zp3:gfp). Both gfp and rfp RFP DNAs were detected in one (#2) of 8 F1 
fishes of line B (ck:rfp/zp3:gfp). P: positive control with gfp or rfp plasmid DNA, N: 
negative control with DNA of wild type fish. 
 
 
3.3.3 GFP expression in line A, zp3:gfp transgenic zebrafish  
 
 
        In line A, the GFP positive F1 embryos of the female founder crossed with a 
wild type male were selected for observation. The earliest ovary GFP expression 
observed through the fish body wall was in three-week-old juvenile transgenic fish 
(Fig 3-4C).  In adult female transgenic fish, GFP expression was also observed 
through the fish body wall (Fig 3-4D). By dissection of GFP expressing ovaries, we 
observed strong GFP expression in developing oocytes in both one-month-old 
juvenile fish (Fig 3-4E) and adult female fish (Fig 3-4F). Similar to the endogenous 
zp3 mRNA expression (Wang, 2004), GFP expression was mainly detected in stage I 




fluorescence was almost undetectable in stage IV oocytes (Fig 3-4J), and no GFP 
fluorescence was observed in stage V oocytes. Furthermore, stronger GFP 
accumulation was observed in the germinal vesicle (GV) of late stage II and early 
stage III oocytes. 
       Maternal GFP was detected in F1 transgenic zebrafish embryos from fertilization 
to 48 hpf. (Figure 3-5). The GFP expression was accumulated at the animal pole upon 
the fertilization along with the cytoplasmic streaming during segregation from the 
yolk within 30 min post fertilization (Figure 3-5, A-D). From the one cell stage till 24 
hpf, the maternal GFP was distributed through the blastodisk, blastoderm and later 
cellular components of the developing embryos (Figure 3-5, E-L).  The maternal GFP 
began to decrease gradually from 24 hpf and lasted till 48 hpf. GFP fluorescence was 
observed in the eye, brain and notochord (Figure 3-5, M&N). By 72 hpf , maternal 
GFP was totally disappeared.  
     The earliest zygotic GFP expression was observed in the developing ovaries of 
three-week old transgenic zebrafish larvae, similar to the earliest transcription of 
endogenous zp3 mRNA in zebrafish as detected by in situ hybridization (Fig 3-4A). 
Likely the first batch of oocytes was generated at this stage (Fig 3-4B).  This result is 
also consistent with our RT-PCR data (Fig 2-3), the earliest expression of zp3 mRNA 
at 3 weeks post fertilization. Thus, the GFP expression faithfully copies the 





Figure 3-4. Ovary expression of zp3 mRNAs and GFP expression pattern in zp3:gfp 
transgenic zebrafish (line A, F1). A: Initial expression of zp3 mRNA (indicated by an 
arrow) in a 3-week-old juvenile zebrafish as detected by in situ hybridization.. B: 
Cross cryo-section of the in situ hybridized 3-week-old fry to show the ovary tissue 
with oocytes stained for zp3 mRNA. C & D: GFP expression in a 3-week-old juvenile 
fish (C) and a 3 months old adult female (D) (see through the body). E & F: Isolated 
ovary from a one month old juvenile transgenic zebrafish (E), and an adult female (F), 
GFP was observed in developing oocytes (stage I-III), but not in mature oocytes 
(stage V); G-J: Stage I-IV oocytes from transgenic female fish. Strong GFP 
fluorescence was detected in stage I (G) oocytes and the germinal vesicles    (GV) of 
stage II-III oocytes (H and I), and very weak GFP fluorescence in stage IV oocytes (J). 






 Figure 3-5. Maternal GFP expression in line A: zp3:gfp F1 transgenic embryos 
(lateral view). A-D: 0, 5, 15, 30 min post fertilization; E-H: 1-8 cell stage embryos; I-
K: shield stage, L: 24 hpf. M: the maternal GFP was detected in the whole embryos at 
24 hpf, GFP was observed in eyes, brain, and notochord. N: the maternal GFP in brain 









3.3.4 Expression of GFP and RFP in line B, zp3:gfp/krt8:rfp (double-color  
          transgenic zebrafish)  
 
          In transgenic line B, both GFP and RFP were expressed. The maternal GFP 
expression was essentially the same as transgenic line A (Fig 3-6, A&C), while RFP 
was weakly detected in the skin epithelia at 12 hpf and become very strong in skin, fin 
and mouth after 24 hpf (Figure 3-6 B&D). Both ovary GFP and skin RFP was 
observed in the adult female transgenic fish (Figure 3-6E). The RFP expression 
pattern was similar to the GFP expression of krt8:gfp transgenic line (Gong et al., 
2002). Among the F1 embryos with maternal GFP expression (0-48 hpf), only about 
50% of them were observed with RFP after 24 hpf. At 3 weeks old, all these RFP 
positive larvaes was detected with ovary-GFP, while those RFP negative larvaes also 
lack ovary-GFP expression. Thus, the inheritance ratio of both krt8-rfp and zp3-gfp 
transgenes were in accordance with the Mendelian transmission rates, and co-
inheritance of the two transgenes was observed in this transgenic line. This result 
indicated that both the rfp and gfp transgenes were integrated together at the same 
chromosome locus. So the early skin expression of RFP is a good selection marker for 





Figure 3-6. GFP and RFP expression in line B: krt8:rfp/zp3:gfp. A & B: Maternal 
GFP (A) and skin-RFP (B) accumulation in the same 24-hpf embryo. C & D: Weak 
maternal GFP (C) and strong skin-RFP (D) expression in the same 3-dpf embryo. A, 
C: View for GFP under a blue filter; B, D: View for RFP under a yellow filter. E: A 





3.3.5 Correlation of GFP expression and female fish in zp3:gfp transgenic line  
      
        To further test if the zp3:gfp transgenic zebrafish line can be used to sex the fish 
and thus to investigate sex development in the presence of sex hormones, the F1 
transgenic fishes were crossed with wild type fishes and GFP expression and sex 
development were monitored. The correlation GFP expression and female fish were 
noted.  
        In line A (all further experiments were carried out with this transgenic line 
except for those specified), among 50 F1 fishes with maternal GFP expression, 29 
(58%) showed GFP expression in the immature gonad and 21 (42%) were GFP 
negative at 3 wpf.  PCR result indicated that only the 29 GFP positive fish inherited 
the gfp gene. At adult stage (>3 months old), 15 of GFP positive F1 (51.7%) 
developed to females with GFP positive ovaries, and 14 of them (48.3%) developed to 
males with disappearance of GFP expression in the gonad. A F1 female transgenic 
fish was crossed with a wild type male, the GFP+/GFP- and sex ratios (♀/♂) of F2 
generation are shown in Fig 3-7. Half of the 3-week-old GFP+ fishes (50.5%) 
developed as males at 3 months old with the disappearance of GFP expression. Both 
transgenic and non-transgenic fishes showed about 1:1 sex ratios. This result indicates 
that our transgenic line can be used as a good living marker for female gonad 
development, as the oocyte-GFP was only observed in female transgenic fish. This 
result also confirmed that zebrafish has a juvenile hermaphroditism period (Takahashi, 
1977; Uchida et al, 2002), during which male fishes develop with an ovary-like gonad 





Figure 3-7. The sex ratio of zp3:gfp transgenic zebrafish (line A, F2). All embryos 
had maternal GFP expression during 0-48 hpf. At 3 wpf, nearly half of them had the 
gonad-GFP (transgenic), and half had no GFP (non-transgenic). After 3 months, half 
of the transgenic fishes were detected with gonad-GFP and developed as females, 
while half of them lost GFP and developed as males. GFP+, GFP positive; GFP-, GFP 
negative.  
 
3.3.6 Effect of estrogen on zp3:gfp transgenic zebrafish  
 
       As the zp3:gfp transgenic fish have specific GFP expression in  female gonad, it 
is an excellent model for tracing female gonad development in zebrafish as well as for 
testing the effect of estrogen on sex differentiation. To test the effect of estrogen on 
sex differentiation of zebrafish, the zp3:gfp transgenic fishes (Line A) were treated 
with 17β-estradiol (E2) from 4-60 dpf. The treated transgenic fishes were observed 
weekly from 7 dpf till 45 dpf (Table 3-1). As this transgenic line with oocyte-specific 
expressed GFP, we used GFP as a marker for tracing the female gonad development 
in zebrafish.  In control group, most larvae showed the gonad GFP at 21 dpf and only 




percentages of earlier gonad-GFP expression at 14 dpf (Table 3-1). The GFP 
expression pattern of E2 treated 14-dpf larvae (Fig 3-8A) was as strong as that in 21-
dpf untreated larvae (Fig 3-4C), but most control 14-dpf larvae had no GFP 
expression (Fig 3-8B).  The percentage of GFP expression embryos in the estrogen 
treated fry was also concentration-dependent; the 100 ng/L estrogen treatment group 
had a higher (83.3%) rate of GFP expression than other two lower concentrated 
treatment groups at 14 dpf (Table 3.1).  
         To further analyze the effect of estrogen on the oocytes development in 
zebrafish, the ovaries from both control females and estrogen treated females were 
isolated for observation of GFP expression (Fig 3-8, C- E). The GFP expression level 
in the ovary of estrogen treated fish shows no obvious difference from that of the 
control fish. However, more mature oocytes with vitellogenesis were found in 
estrogen treated group than the control group, and more fat tissues that express 
vitellogenins (Wang et al., 2005) were detected in the ovary of estrogen treated group 
(Fig 3-8D). In the undifferentiated transgenic fishes, a small ovary-like tissue with 
weak GFP was detected, but there was no mature oocyte in this ovary-like tissue (Fig 
3-8E). 
            The sex ratio was also determined after 45 dpf by observing the ovary-GFP 
expression (Fig 3-8F).  Those with strong ovary-GFP expression and female 
phenotype were regarded as females. Those with weak GFP expression but without 
female phenotype were regarded as undifferentiated (UD), and those without GFP 
expression but with male phenotype were regarded as males. The sex ratio is about 
1:1 in control group, but more females than males were observed in the E2 treated 




exogenous estrogen had caused complete sex reversal though a few undifferentiated 
fishes were observed.         
        To evaluate the effect of estrogen on the reproduction events of zebrafish, the 
estrogen treated female transgenic zebrafish was mated with wild males, and the 
number of eggs produced (fecundity) and the fertilization rate was determined. We 
found that the estrogen treated females had reduced eggs and low fertilization rate 
comparing with the control females (Table 3-2). This may be caused by the over-






Figure 3-8. Estrogen treatment of zp3:gfp transgenic zebrafish. A: Early GFP 
expression in a 14-dpf larvae treated with 100 ng/L E2; B: Lack of GFP expression in 
a 14-dpf control larvae. C: GFP expression in ovary of control female, D: estrogen 
treated female (100 ng/L), and E: gonad from UD (undifferentiated) fish (100 ng/L). 
F: Sex-ratios of estrogen treated zp3:gfp transgenic zebrafish after 45 dpf. The control 
group show about half male and half females. While with increasing concentration of 
E2, increasing numbers of female fish were observed. In the 100 ng/L estrogen treated 
group, no males were detected. A few UD (undiffrentiated) fish were also found in the 













          Table 3-1. Estrogen treatment of zp3:gfp transgenic zebrafish (line A) 
 






















21 dpf 50 (50) 30 (30) 20 (20) 30 (30) 
28 dpf 50 (50) 30 (30) 20 (20) 30 (30) 












E2 treatment was carried out from 4 dpf to 60 dpf, and GFP expression was observed 
from 7 -45dpf weekly. Numbers indicate the survived transgenic fishes in treatment, 
and GFP positive fishes are indicated as numbers in bracket.  
 
 
Table 3-2. Comparison of egg fecundity and fertility between control and E2 treated 
                  females 
 
  
             Control female 
 
E2 treated female (100 ng/l) 
Fish 1 2 3 Average 1 2 3 Average 
Fecundity 250 320 350 307±43 125 96 159 127±31 
Fertility (%) 96 94 93 94.3 68 75 62 68.3 
 
Control females and E2 treated females were mated with the same batch of wild type 
males respectively. The wild type male fishes were selected with almost the same 
body size.  Fecundity indicates numbers of eggs laid one time by one female fish. 







3.4.1. Transcription factors in oocyte development 
 
      There are several transcription factors that are involved in oocyte gene 
transcription, such as Oct-4, FIGα, ALF and Nobox, etc. (reviewed by Song and 
Wessel, 2005). Oct-4 is a maternally expressed octamer-binding transcription factor 
that is specifically expressed in the germline linage (Scholar et al., 1990). It is a 
member of the POU transcription factor family, initially present as a maternal factor 
in oocytes. Expression of Oct-4 is found throughout the pre-implantation period of 
mouse embryo, as well as in germ cell precursors of adult mice (Ovitt and Scholar, 
1998) and embryonic stem cells (Pesce et al., 1999). It has been reported that Oct-4 
may play a role as a determinant of the totipotency of germ cells by preventing their 
differentiation to a somatic cell phenotype during gastrulation of mice (Pesce and 
Scholer, 2000). FIGα (factor in the germline alpha) is a basic helix-loop-helix (bHLH) 
transcription factor, whose expression is restricted to oocytes. Female mice lacking 
FIGα are unable to form primordial follicles, resulting in depletion of oocytes and 
sterility (Dean, 2002). The E-boxes were supposed to be bound by FIGα. Expression 
of mouse ZP genes is coordinately regulated by FIGα, which binds as a heterodimer 
with the ubiquitous E12 to the conserved E-box (CANNTG) located approximately 
200 bp upstream of the transcription start sites of zp1, zp2 and zp3 (Liang, et al. 1997). 
The ALF (a germ cell-specific TFIIA-like factor) is one of a few germ cell specific 
general transcription factors, which is transcribed specifically in testis and ovary of 
Xenopus and mice (Han et al., 2001). ALF may regulate the germ cell-specific gene 
expressions during gametogenesis. Nobox (newborn ovary homeobox-encoding gene) 
is a homobox gene detected in both mouse male and female gonads. Nobox may 




embryonic development, such as Oct-4, Gdf-9, Fgf8 and Bmp15, etc (Rajkovic et al., 
2004). The FIGα, Nobox and ALF are also regarded as germline-specific transcription 
factors, as they are present in both testis and ovary. Another mammalian oocyte-
specific transcription factor, Osp-1 was found involve in regulating oocyte-specific 
mouse zp3 gene expression. Changes in levels of Osp-1 during oogenesis and early 
cleavage are consistent with the pattern of mouse zp3 gene expression during the 
developmental stages in mice (Schickler, et al; 1992). 
         The cis-elements for most germline-specific transcription factors such as FIGα, 
Osp-1 and Oct-4, were found in zebrafish zp3 gene promoters. However, as the 
binding consensus for Nobox and ALF had not been defined, weather there were 
binding sites for these two transcription factors in zp3 promoters remains unknown. 
The E-boxes have been previously identified in the 5’ flanking regions of both zp2 
(Mould D., et al., 2001) and zp3 genes, and the co-expression of zpc (zp3b) and FIGα 
has also been found in zebrafish oocytes (Onichtchouk. et al., 2003). Thus the 
expression of zebrafish ZP genes is likely also regulated by FIGα as in the mouse. 
The cis-element for Oct-4 was also found in zp3.2 and zp3.3 gene promoters and is 
also likely to contribute to the oocyte-specific expression of ZP genes. In addition, the 
binding sequence for Osp-1 was also found in zebrafish zp3.3 and zp3b (zpc) 
promoters, implying the involvement of Osp-1 in oocyte-specific expression of 
zebrafish ZP genes. The cis-elements for all these transcription factors were identified 
in the individual zp3 gene promoters indicating that the ovary-specific expression of 
tandem-repeated zp3 genes could be achieved by an individual zp3 promoter. 
However, the detailed regulation mechanism of these transcription factors in oocyte 






3.4.2. Faithful oocyte-specific GFP expression of zp3:gfp transgenic zebrafish      
         
    In both transgenic lines (zp3:gfp and zp3:gfp/krt8:rfp) generated in the present 
project, the maternal GFP expression in early embryos and oocyte-specific GFP 
expression later in female zebrafish were observed. The oocyte expressed GFP was 
initially distributed evenly in ooplasm (stage I), then localized to the cortical region 
(stage II and III), later moved to the periphery region of the maturing oocytes (stage 
IV), and became undetectable in mature oocytes (stage V). After fertilization and 
ooplasmic streaming, GFP was re-localized to the animal pole of the egg (Fig 3-4). 
No GFP expression was observed in male transgenic fishes, and also no maternal GFP 
expression in offsprings of a zp3:gfp male crossed with a wild type female. The GFP 
expression pattern was consistent with the endogenous expression of zp3 mRNA 
detected by in-situ hybrodyzation and RT-PCR. The earliest expression of zp3 mRNA 
was also first detected at 3 wpf (Fig 3-4A&B), and later observed in the developing 
oocytes only in female ovary (Wang, 2004). Our results indicate faithful GFP 
expression in developing oocytes in the zp3:gfp transgenic zebrafish.  
        The expression patterns of zp3 and zp3b (or zpc) genes are very similar, although 
they have very low sequence identity and different genomic locations. Both of them 
are expressed only in developing oocytes in female zebrafish (Giacco et al., 2000; 
Wang and Gong, 1999). This is supported by oocyte-specific GFP expression patterns 
of two transgenic zebrafish lines, zpc0.5:gfp (Onichtchouk et al., 2003) and our 
zp3:gfp (Fig.3-4). Both maternal and oocyte-specific GFP expression were observed 
in the two transgenic lines, and the strong GFP expression was detected in stage IB-III 
oocytes. However, the earliest ontogenic GFP expression of the two transgenic lines 
are different, our zp3:gfp transgenic fish is about one week earlier than that of the 




expression. The maternal GFP disappeared after 3 dpf in our transgenic line, while it 
lasted only up to 48 hpf in the zpc0.5:GFP line. The maternal GFP signal in our 
transgenic fish was accumulated in the notochord and eyes from 24 hpf (Fig.3-6) to 
48 hpf and disappeared gradually after 72 hpf (data not show), but this expression 
pattern was not described in the previous zpc0.5:gfp transgenic line. The difference of 
maternal GFP expression pattern may due to the higher level of maternal GFP 
accumulation in our zp3:gfp transgenic fish than that of the zpc0.5:GFP transgenic 
fish. 
           By sequence comparison, we had not detected obvious sequence homology 
between the zpc promoter and the zp3.2 promoter we used. By searching the zebrafish 
genome data, we found that zpc is located in chromosome 2 and there is no indication 
that zpc is presented in multiple tandem copies in the genome. However, similar to the 
zp3.2 promoter, the zpc gene promoter (693 bp) also contains about four cis-elements 
for Osp-1 and seven E-boxes for FIG-α factor (Onichtchouk et al., 2003). Comparison 
of zp3.2 and zp3.3 promoters indicated that the homology between the two promoters 
is limited only to 208 bp sequence of 5’ upstream of the ATG start codon (87% 
identity). The zp3.3 promoter up to 3.3 kb upstream region also contains three sites 
for Osp-1, three sites for Oct-4 and 24 E-boxes. Thus, the oocyte-specific expression 
is likely achieved by the presence of the binding sites of these ovary transcription 
factors.  
3.4.3 Effect of estrogen on gonad development.  
 
      Sex differentiation of developing gonads in fishes is considered to be under the 
control of steroid hormones (Maack and Segner, 2003). The zebrafish sex 
differentiation and gonad development were also affected by steroid hormones (Orn et 




present study, we found that the sex reversal of zebrafish was induced by 10-100 ng/L 
estrogen treatment.  Our result is mostly consistent with the previous reports 
(Andersen et al., 2003; Maack and Segner, 2004), but we found that estrogen can 
induce the earlier development of preliminary ovary in zebrafish larvaes at 10-100 
ng/l. Some undifferentiated gonads in a few estrogen treated fish were also observed 
(Fig.3-8E), implying that the sex hormone not only induces the sex reversal but also 
affects the gonad differentiation of zebrafish at certain stage. 
       In zebrafish, there is a critical gonad development period which is sensitive to the 
estrogen treatment. This period is found between 20-40 dpf when the sex 
differentiation happens (Andersen et al., 2003). The preliminary ovary, which is 
formed in about 14 dpf, begins apoptosis during this period, and is finally 
differentiated into male or female gonads later. Our results indicate that larvaes at 21-
28 dpf had no change of gonad-GFP expression even after estrogen treatment (Table 
3-1), thus the apoptosis may happen after 28 dpf. Previous studies indicated that 
estrogen, either endogenous or exogenous, played important roles in zebrafish sex 
differentiation during the juvenile gonad differentiation period (Maack and Segner, 
2004; Brion et al., 2004). However, our result indicates that although estrogen can 
affect sex differentiation in juvenile fish, there is no obvious effect on the developed 
ovaries of adult females (Fig 3-8B). In our experiments, we did not detect much 
difference between the ovaries of control and E2 treated females and only found more 
mature oocytes in the estrogen treated groups. This may be due to the vitellogenesis 
induced by estrogen, which increased the numbers of mature eggs.      
3.4.4 Potential applications of the zp3:gfp transgenic line.  
 
          As the zp3:gfp transgenic line has oocyte-specific GFP expression in the ovary, 




differentiation and oocyte development. There are several transgenic lines reported 
with gonad GFP expression, such as vasa:gfp (Knovel, 2002) and β-actin:gfp (Hisao 
and Tsai, 2003). Although these two transgenic lines can be applied for the 
observation of gonad differentiation in juvenile zebrafish, the GFP expression occurs 
in both sexes. To further characterize the regulatory mechanism of sex hormones on 
fish sex differentiation, our transgenic line can also be applied for treatment 
experiments by other chemicals, such as aromatase inhibitor (fadrozole) or 17alpha-
methyltestosterone (MT), which were supposed to affect the gonadal sex 
differentiation  by interfering with the P450arom system (Fenske et al., 2004). In 
addition, the zp3:gfp transgenic fish may also be applied for studying genes that are 
involved in sex differentiation. It is well known that there is a hermaphoditism period 
during zebrafish sex differentiation, but the genetic mechanism of this 
hermaphoditism remains unknown. The convenience to detect the different stages of 
sex differentiation in our transgenic fish with GFP labeled oocytes makes it possible 
to identify genes involved in the sex differentiation.  
        Furthermore, the oocyte-specific zp3 gene promoter can also be used for further 
research such as germline excision by Cre-loxP system. For example, we can generate 
a zp3:cre transgenic zebrafish line for germline excision of loxP-flanked transgene 
(described in chapter IV). In addition, it can also be used to study the functions of 
zebrafish maternal genes by transgenic RNAi technique. Transgenic RNAi in mouse 
oocytes has proved to be a simple and fast approach to study targeted gene function 
by zp3 promoter regulated expression of dsRNA in oocytes (Stein et al., 2003; Yu et 
al., 2004). Thus, the zp3 promoter combined with transgenic RNAi technology may 
also be useful for the study of those maternal genes involved in the ovary 




        Finally, this transgenic line may also be applied for analyses of transcription 
factors that involved in the oocyte development. In mouse, there are many 
transcription factors involved in oocyte development as reviewed by Pangas and 
Rajkovic (2005), such as FIGα, Oct-4, Gpbox (Takasaki et al., 2000), Nobox 
(Rajkovic et al, 2004) and Obox (Rajkovic et al, 2002), etc. However, most of these 
transcription factors have not been reported in zebrafish, and their detailed functions 
have not been characterized either in mouse or in zebrafish. By forward and reverse 
genetic techniques, the functions of these transcription factors can be characterized in 

















Germ-line excision of 








   
       The Cre-loxP system has become an important tool for genome manipulation in 
mice. Firstly, it can be used for conditional gene activation and inactivation. By 
insertion of a loxP-flanked stop sequence between a lens-specific promoter and a 
SV40 tumor antigen gene, Lakso et al (1990) found that this transgenic mouse had no 
tumor formation until mating with a Cre transgenic mouse to generate a double 
transgenic mouse line, in which the lens tumors developed. Furthermore, by crossing 
a mouse line with a loxP-flanked targeted gene to an effector mouse line with tissue 
specific-expression of Cre, conditional inactivation of the targeted gene in those 
tissues with Cre expression was observed in the progeny (Saucer, 1998).  
       Secondly, the Cre-loxP system can also be used for chromosome modification, 
which is a targeted mutagenesis approach and can be used for modeling the human 
disease and facilitating the development of disease therapies (Branda and Dymecki, 
2004). The Cre-loxP system provides a convenient tool for chromosome modification 
by generating a specific translocation (Smith et al., 1995), a deletion (Li et al., 1996) 
or an inversion (Ramirez-Solis et al., 1995) in mouse genome. These chromosome 
modifications by Cre-loxP also depend on the relative orientation of loxP sites 
positioned in the genome. If two loxP sites are positioned in the same orientation on a 
single chromosome or homologous chromosomes, a deletion or duplication can be 
made; if the two loxP sites are put in the opposite orientation, then an inversion can be 
created; if two loxP sites are positioned on different chromosomes, a translocation can 
be generated by the mutual exchange of DNA distal to the loxP sites (Branda and 




      Thirdly, the Cre-loxP system can be applied for cell type-specific gene therapy of 
cancer. Kijima et al. (1999) had demonstrated the effective cell type-specific gene 
therapy against CEA (Carcinoembryonic antigen) producing cancers by activation of 
HSV-TK (herpes simplex virus thymidine kinase) after Cre-mediated excision of the 
loxP-flanked neomycin resistance (neo) gene. The Cre-loxP system was also used to 
induce RNAi in a spatial, temporal manner for gene silencing and gene therapy 
(Kasim et al., 2004). Furthermore, conditional Cre recombination was also effectively 
induced in resting tissues by using a fusion of Cre with ligand binding dormains (LBD) 
of steroid receptors (Logie et al. 1995; Zhang et al, 1996). 
      Additionally, germ-line excision of transgene was also achieved by using the Cre-
loxP system in mouse. Lewandoski et al (1997) developed a zp3:cre transgenic mouse 
line in which Cre expression was controlled by an ovary-specific ZP3 promoter and a 
recombination of target gene in 100% oocytes was observed. Bunting et al (1999) also 
developed a testis-specific self-excision transgenic mouse line with a testis-specific 
promoter regulated cre/neor cassette and flanked by loxP. In this transgenic line, 
complete self-excision was detected during spermatogenesis.  
       These studies have demonstrated the wide application of the Cre-loxP system in 
mouse. However, little work has been done for applying the Cre-loxP system in other 
animal systems. Previously the Cre-loxP system has also been tested and applied for 
tracing muscle cell lineage in tail regeneration in Xenopus (Ryffel et al., 2003; 
Gargioli and Slack, 2004).  In zebrafish, we previously reported the excision of loxP-
flanked gfp by injected cre mRNA in a mylz2:gfploxP stable transgenic line (Pan et al., 
2005). Cre-mediated site-specific recombination was also detected in a HSP70:cre 
transgenic zebrafish line by Thummel et al. (2005). In the present study, we attempted 




loxP system. A zp3:cre transgenic zebrafish line, in which cre was regulated by an 
oocyte-specific zp3 promoter, was established and tested for the efficiency of 
germline excision. Thus far, the results were mixing. It seems that a co-integrated 
loxP-flanked gene was correctly excised in the zp3:cre transgenic line. Moreover, by 
injection of a reporter construct: pKRT8-loxP-EGFP-loxp-RFP (pKRT8-LGLR) into 
zp3:cre transgenic zebrafish embryos, we also observed the expected excision of the 
loxP-flanked gfp segment from the injected extra-chromosomal DNA presumably due 
to the presence of maternal cre mRNA and protein in early embryos. However, when 
zp3:cre transgenic fish was crossed with our previous mylz2:gfploxP line (Pan et al., 
2005), no excision of the loxP-flanked gfp fragment was observed in the double 




4.2 Materials and Methods 
4.2.1. Preparation of the DNA constructs 
The loxP DNA construct, pKRT8-loxp-EGFP-loxp-RFP (pKRT8-LGLR) was 
made by placing two loxP sites flanking the GFP sequence under the skin-specific 
krt8 promoter (Gong et al., 2002; Ju et al., 1999). The floxed GFP DNA fragment 
was obtained by PCR amplification of gfp using the following two long primers with 
synthetic loxP sequences:Loxp5 (forward), 5’-GCGGATCCATAACTTCGTATAGC 
ATACATTATACGAAGTTATGCCACCATGGTGAGCAAG; Loxp3 (reverse), 5’-
GCGGATCCATAACTTCGTATAATGTATGCTATACGAAGTTATACCACAAC
TAGAAGCAGTG. In both primers, a BamHI site (boxed) was introduced for 
facilitating subsequent ligation and the 34-bp LoxP sequences are underlined. The 
pkrt8-DsRed-express-1 vector backbone (Clontech) was used to construct pKRT8-
LGLR, which contained the 2.2-kb karatin 8 promoter (Gong et al., 2002) and a 
floxed EGFP (enhanced GFP) fragment, followed by a RFP sequence, as depicted in 
Fig. 4-1A. 
The pZP3-CRE construct was made by replacing the EGFP with Cre DNA in 
pZP3-EGFP construct (chapter III). The Cre DNA (~1.2 kb) was amplified from the 
original Cre plasmid pACN (Bunting et al., 1999) by cre -specific primers: Cre-5: 5’-
ATGCGGATCCATGCCCAAGAAGAAGAGGAA -3’ (forward) and Cre-3: 5’- 
AAGCGGCCGCCTAATCGCCAT -3’ (reverse). A BamH I and a Not I restriction 
enzyme cut sites were created near the end of cre-5 and cre-3 respectively (Boxed) to 
facilitate cloning. The PCR product was cut with Not I and BamH I, and cloned into 
pZP3-EGFP (Section 3.2.1) after removing the EGFP portion. The pZP3-CRE 





Figure 4-1. Maps of pKRT8-LGLR (the pKRT8-loxp-GFP-loxp-RFP)(A) and pZP3-
CRE (B). The pKRT8-LGLR was constructed by insertion of loxP-EGFP-loxP 
fragment (cut by BamH I) into the pKRT8-DsRed-express-1 (RFP) construct. The 
pZP3-CRE construct was made by replacing the EGFP part of pZP3-EGFP with cre 







4.2.2 Microinjection and observation 
       To test the efficiency of Cre-loxP system in zebrafish, the pKRT8-LGLR 
construct was co-injected with pCMV-CRE DNA construct into zebrafish embryos of 
1-2 cell stage as described preciously in Section 3.2.4 (chapter III).  The injected 
embryos were observed at 24 hpf and 48 hpf under a Zeiss Axiovert 25 fluorescence 
microscopy. GFP was observed under a blue filter (450-490 nm), and RFP was 
observed under a yellow filter (546 nm). The pKRT8-LGLR construct was also co-
injected with pZP3-CRE DNA construct, the GFP or RFP expression was observed as 
described above. The injected embryos with both GFP and RFP expression were 
maintained to adult stage.     
4.2.3 PCR screening for zp3:cre transgenic fish 
      PCR was used to screen for transgenic fish. F1 embryos were collected from pairs 
of founder fishes (F0), and genomic DNA was prepared from at least 100 embryos as 
described by Nusslein-Volhard et al (2002). PCR was carried out with cre -specific 
primers: Cre-5 (forward) and Cre-3 (reverse). The PCR reaction was carried in 25 μl 
volume including: 2.5 μl of 10 ×PCR buffer, 2.5 μl of 25 mM MgCl2, 1 μl of 2 mM 
dNTPs, 0.5 μl of 10 μM primer /each, 1 μl of DNA (100 ng/ μl), 0.25 μl of Taq 
polymerase, and add H2O to 25 μl. PCR was carried as typical PCR program. F1 
embryos from positive founders were raised to adulthood. 
        Adult F1 fishes were anaesthetized by placing in 0.01% 2-phenoxethanol (Sigma) 
in fish water. Fishes were placed in separate tanks with labels. 1/2-1/3 of the caudal 
fin was cut off using a sterile razor blade and place in a separate Eppendorf tube 
containing 100 μl of DNA extraction buffer (10 mM Tris pH 8.2, 10 mM EDTA, 200 
mM NaCl, 0.5% SDS, and 200 μg/ml Proteinase K). Tubes were vortexed thoroughly 
and incubated at 56 ºC for 2-3 hours. After incubation, two volume of 95% ethanol 




for 15 min. The DNA precipitaties were washed with 70% ethanol, dried and then 
dissolved in 50 μl H2O. PCR reaction was carried out as described previously. 
 4.2.4 Detection of Cre RNA expression 
       To detect the Cre RNA expression in zp3:cre transgenic fishes, RT-PCR and 
whole mount in situ hybridization were carried out. Total RNA was prepared from F2 
embryos (2, 4, 8, 10, 24, 48 and 72 hpf). RNAs from skin, muscle, intestine, liver, 
testis and ovary were also prepared from F2 adult fish. RT-PCR reaction was 
performed with one-step RT-PCR Kit (QIAGEN, USA) in 25 μl volume according to 
the protocol, including 5 μl of 5×buffer, 5 μl of 5×Q buffer, 1 μl of 10 mM dNTPs, 1 
μl of 10 μM cre primers /each, 1 μl of RT enzyme mix, 1 μl of RNA (1 μg /μl), and 
nuclease free H2O to 25 μl. RT-PCR was carried out with cre specific primers 
according the instruction manual of the kit.  
       To generate a cre probe for whole mount in-situ hybridization, the cre cDNA 
(without intron) was amplified by RT-PCR and cloned into a pGEM-T vector 
(Promega, USA). The pGEM-T-Cre plasmid was lineralized by Sac II at 5’ end of cre 
cDNA. The antisense DIG-RNA probe for cre mRNA was synthesized by SP6 RNA 
polymerase as described in Section 3.2.6.1.  The ovary of zp3:cre transgenic fish (F1) 
was isolated and fixed in 4% PFA (paraformaldehyde) at 4ºC overnight. Whole mount 
in situ hybridization was carried out as described previously in Section 3.2.6. The 
ovary of wild type female was used as a control for in situ hybridization.  
4.2.5 Germline excision by Cre-loxP system 
       To detect any excision of loxP-flanked EGFP, a set of primers was designed for 
PCR detection. The CK-SF (forward): 5’-GCTCCACCCTCTCAAGAATG-3’ was 




GGTGTAGT-3’ was designed from 3’end of rfp gene. PCR was performed with a 
typical PCR program.  
       A mylz2:gfploxP reporter transgenic line (Pan et al., 2005) was used to test the 
efficiency of germline excision in zp3:cre transgenic zebrafish line. Both male and 
female mylz2:gfploxP transgenic fishes were crossed with female and male zp3:cre 
transgenic fishes respectively. The embryos was collected, and observed under Zeiss 
Axiovert 25 fluorescence microscopy. PCR was also carried out with a forward 
primer from mylz2 promoter region and a reverse primer from rfp region as reported 
by Pan et al (2005).  
 
4.3 Results 
4.3.1 Transient expression of Cre recombinase 
        To test whether the Cre-loxP recombination can function effectively in zebrafish, 
the pKRT8-LGLR construct (Appendix) was co-injected with the pCMV-CRE 
construct (Appendix) into zebrafish embryos. As depicted in Figure 4-2A, the 
expression of pCMV-CRE results in the Cre-mediated recombination of two loxP 
sites of pKRT8-LGLR; thus the loxP-flanked gfp is excised and RFP expression is 
expected. In our experiments, both skin expressed GFP and RFP were observed in 
>83% of the injected embryos (Figure 4-2, C&D), while the embryos injected with 
pKRT8-LGLR alone showed only GFP expression without RFP expression (Figure 4-
2B). In addition, some ectopic expression of GFP and RFP in muscles was detected in 
20% of the injected embryos with GFP/RFP expression. The strong RFP expression 
indicates the occurrence of Cre-mediated recombination by the transiently expressed 
cre.  




           To facilitate the establishment of a zp3:cre transgenic line for demonstration of 
germline excison, the pKRT8-LGLR was co-injected with the pZP3-CRE into 
zebrafish embryos. The experimental strategy is shown in Fig 4-3. The two DNA 
constructs are co-introduced into zebrafish embryos. If the transgenes transmitted to 
F1 is through a female founder, RFP expression is expected as the oocyte-expressed 
Cre has led to the excision of loxP-flanked GFP in the female germ cells; if the 
transgenes transmitted to F1 is through a male founder, the GFP expression would be 





             
            
Figure 4-2. Transient expression analysis of pKRT8-LGLR and pCMV-CRE. A: 
Schematic representation of Cre-mediated recombination. B: embryo injected with 
pKRT8-LGLR only, showing only GFP expression. C and D: coinjection of pKRT8-
LGLR with pCMV-CRE, showing both GFP and RFP expression under a blue light 
(C), and RFP expression under a yellow light (D) in the same embryo (48 hpf). Scale 







         
Figure 4-3. Experimental strategy for germline excision by the Cre-loxP system. The 
pZP3-CRE and pKRT8-LGLR DNA constructs were co-injected into zebrafish 
embryos at 1-2 cell stage to develop stable transgenic line. In oocytes of female 
founder fish (F0), the Cre-mediated recombination of loxP-flanked GFP will cause the 
excision of GFP and expression of RFP, thus F1 offsprings will express RFP but not 
GFP. In male founder fish (F0), there is no Cre-mediated recombination in the male 
germ cells and thus only GFP expression is expected in its offsprings (F1).  
  
        In embryos co-injected with lineralized pKRT8-LGLR and pZP3-CRE, transient 
expression of both GFP and RFP were observed in about 85% of the injected embryos 
after 24 hpf (Fig 4-4A&B). As no RFP was observed in embryos injected with 
pKRT8-LGLR only (Fig 4-2B), the RFP expression in the co-injected embryos was 




that there was a leaked expression of pZP3-CRE in the injected embryos although no 
transient GFP expression was observed in pZP3-EGFP injected embryos (Section 
3.3.2).                
     To screen for zp3:cre transgenic zebrafish lines, both direct observation of 
GFP/RFP expression and PCR approach were used. However, out of 100 founders 
screened, no F1 embryos with GFP/RFP expression were found. By PCR-screening of 
pooled F1 embryos for the presence of cre DNA, two transgenic female founders 
(T22 and T26) were identified (Figure 4-4C). Later five F1 fishes (out of ~ 40) from 
the T22 founder were confirmed with cre DNA inherited (Figure 4-4D). To further 
confirm these transgenic fishes, we also examined gfp excision in their progenies by 
PCR with forward primer from the keratin8 promoter region and reverse primer from 
the end of rfp coding sequence. The expected bands were ~1.6 kb and 850 bp before 
and after Cre-loxP recombination (Figure 4-5A). Our PCR result only revealed the 
smaller band, which was about the expected size after cre mediated recombination, 
despite that we did not observe the expected RFP expression (Figure 4-5B). In the 
T26 transgenic line, we found 8 Cre positive F1 fishes (out of 46) by PCR, but no 
GFP or RFP expression was detected in the F1 fish. However, no F2 offsprings were 







          
 
 Figure 4-4. Generation of zp3:cre transgnic fish. A and B: Coinjection of pZP3-CRE 
and pKRT8-LGLR constructs, showing both GFP expression under a blue light (A), 
and RFP expression under a yellow light (B) in the same 48-hpf embryo. Scale bar: 
500 μm. C: PCR screen from pooled F1 embryos from founder fish. Two transgenic 
founders (T22 & T26) were detected. D: PCR screen from F1 transgenic fish of T22 
using fin clip DNA. +, positive control with pZP3-CRE plasmid DNA; , negative 
control with H2O; WT: DNA of wild type fish. No.1-10: individual F2 fish. 




      
 
Figure 4-5. Detection of Cre-mediated recombination in zp3:cre transgenic lines.  A: 
Schematic representation of pKRT8-LGLR before and after Cre-mediated 
recombination. Two primers were used for PCR amplification, P1 (forward) in the 
krt8 promoter and P2 (reverse) in 3’end of rfp. The expected DNA fragments are 1.6 
kb and 850 bp before and after the Cre mediated excision respectively. B: PCR 
detection of Cre-mediated recombination in zp3:cre transgenic lines (Cre positive). A 
small fragment (~ 890 bp) was amplified from 1-9 zp3:cre F2 embryos (T22), but 
weak large band (~1.3 kb) was also detected in some samples (e.g. lane 4 & 6). Wt: 
wild type fish DNA, + :  pKRT8-LGLR plasmid DNA,  : H2O. M: 1 kb DNA ladder. 
 
        As illustrated in Fig 4-3, if the pZP3-CRE and pKRT8-LGLR are integrated into 
the host chromosomes, either GFP or RFP expression should be detected in F1 
transgenic fish; however, neither GFP nor RFP expression was observed in the F1 
embryos. To find out the reason why GFP or RFP expression was not observed in the 
transgenic fish, both the large (~1.3 kb) and small (~890 bp) PCR fragment in Fig 4-
5B were sequenced. The larger fragment (~1.3 kb) was a non-specific PCR product 
which was amplified by reverse primer only. The smaller fragment was found with 




6A), but an insertion of 40-bp unknown sequence was found 80 bp upstream of the 
loxP sequence (Fig 4-6B). Two upstream ATG codons exist upstream of the authentic 
ATG start condon in the rfp sequence translation start site, the first upstream ATG 
codon was in the inserted sequence and caused a change of reading frame of the rfp 
DNA sequence, while the second upstream ATG codon is in frame of rfp coding 
region. Thus the insertion of the unknown sequence may have caused the non-





Figure 4-6. Sequence of the pKRT8-LGLR transgene before (A) and after Cre 
excision (B). A: The sequence before Cre excision. The gfp (partial) and rfp sequence 
(partial) are highlighted, and loxP regions are underlined. B: The sequence after Cre 
excision. A 40-bp unknown sequence (81-120) preceding the loxP site is boxed. An 
ATG codon in this 40-bp insert (bold letter) may cause the change of reading frame of 
rfp. An ATG was also found in the end of loxP site, but it is in frame with the 
authentic ATG start condon of rfp sequence. TATA box and relevant ATG codons are 
indicated as bold letters. 
 
4.3.3 Oocyte-specific expression of cre mRNA in zp3:cre transgenic fish   
       To confirm the cre expression in the zp3:cre transgenic line, F1 transgenic fishes 
were crossed with wild type fishes, and RNA from pooled embryos was prepared for 




by RT-PCR, implying the existence of maternal cre mRNA in zp3:cre transgenic 
zebrafish (Figure 4-7A). To determine wether the Cre expression was ovary-specific, 
RNA samples from skin, muscle, intestine, liver, and ovary of a zp3:cre transgenic 
female were prepared for RT-PCR. The cre mRNA was detected only in the ovary of 
female transgenic fish (Figure 4-7B). In male transgenic fish, no cre mRNA was 
detected by RT-PCR (data not show). In addition, the amplified cre cDNA was 
slightly smaller than the injected cre DNA (with an intron), indicating the intron was 
spliced out in cre mRNA. This was confirmed by DNA sequencing and the 66-bp 
intron was spliced in the cre cDNA as expected. 
        Whole mount in situ hybridization (WISH) was also used to confirm the ooctye-
specific expression of Cre mRNA in zp3:cre transgenic fish. As shown in Fig 4-7C, 
the expression of cre mRNA was detected in developing oocytes only, which is very 
similar to the expression patterns of the endogenous zp3 mRNA and GFP expression 
in our zp3:gfp transgenic fish (described in Section 3.3.3). There was no cre RNA 
detected in the oocytes of wild type female fish (Fig 4-7D). This result indicates our 
success in generation of a zp3:cre transgenic zebrafish line with oocyte-specific 






Figure 4-7. Cre RNA expression in zp3:cre transgenic zebrafish. A: RT-PCR 
detection of maternal cre mRNA in early stages of transgenic embryos (2-48 hpf). B: 
RT-PCR examination of cre mRNA in selected female adult tissues, the cre mRNA 
was detected only in the ovary of adult female transgenic fish. Pos: pGEMT-Cre 
plasmid; Neg: H2O, β-actin was used as a control for RNA quality. C and D: In situ 
hybridization detection of cre mRNA in the ovary of zp3:cre transgenic female.The 
cre mRNA was detected in developing oocytes but not in mature oocyte (C). No cre 











4.3.4 Ttransgene excision in zp3:cre transgenic zebrafish 
       To test the Cre-mediated DNA excision in zp3:cre transgenic zebrafish, the F1 
transgenic female (T22) was crossed with wild type male, the F2 embryos were 
injected with the reporter DNA construct pKRT8-LGLR at 1-2 cell stage.  In contrast 
to GFP expression only in the control wild type embryos, both skin expressed GFP 
and RFP were detected in about 42% of zp3:cre transgenic embryos (Figure 4-8A, B), 
indicating the excision of the loxP-flanked gfp in the injected plasmid DNA. There is 
no RFP expression in the injected embryos collected from F1 zp3:cre male and wild 
type female, implying that the loxP-flanked gfp excision was caused by maternal Cre 
and newly synthesized Cre from maternal cre mRNA. 
       To further test the germline excision by Cre-loxP in zp3:cre transgenic fish, both 
female and male zp3:cre transgenic fish (F1) were crossed with a reporter transgenic 
line, mylz2:EGFPloxP, in which the gfp gene was flanked by the two loxP sites and 
under a strong muscle-specific mylz2 promoter (Pan et al, 2005). In their progeny, we 
did not observe the gfp excision or the RFP expression (data not shown). As the Cre 
expression was detected only in early developing oocytes of zp3:cre transgenic fish, 
the Cre-mediated recombination was expected in the oocytes of female 
mylz2:EGFPloxP/ zp3:cre transgenic zebrafish. Thus, the female mylz2:EGFPloxP/ zp3-
Cre (+/-) transgenic zebrafishs were selected and mated with wild type males, and the 
GFP expression pattern was investigated in their offsprings. However, the muscle 
GFP expression was observed in about 50% (n=536/1081) of embryos of the next 
generation. To examine whether the Cre-mediated excision occurred, PCR was 
carried out with the forward primer from mylz2 promoter and reverse primer from rfp. 
The expected fragments were 2.1 kb and 1.2 kb before and after the Cre-mediated 




individual embryos with or without GFP expression were used for PCR detection, the 
unexcised band (2.1 kb) was detected in all of the embryos with GFP expression but 
not in embryos without GFP expression, while the excised band (1.2 kb) was not 
detected in any of the embryos (Fig 4-8D). The cre DNA was found in about half of 
embryos with or without GFP expression. As the excised fragment was not detected in 
the embryos with cre DNA inherited, there was no Cre-mediated recombination in the 
double transgenic fish.  






Figure 4-8. Test of Cre-mediated recombination in zp3:cre transgenic embryos (F2). 
A & B: transient expression of pKRT8-LGLR in zp3:cre F2 transgenic fish embryos. 
Observation of GFP (A) and RFP (B) in the same 48 hpf embryo. Scale bar: 200 μm. 
C: schematic demonstration of Cre excision of MYLZ2-loxP-GFP-loxP-RFP (Pan et 
al., 2005). D: PCR examination of Cre-mediated recombination in mylz2:EGFPloxP 
/zp3:cre embryos (F2). In embryos with GFP expression, only the 2.1 kb (before 
excision) were detected, neither the 2.1 kb nor the 1.2 kb band was detected in 
embryos without GFP expression. The cre DNA was detected in 4 of 9 embryos with 
gfp and without gfp. +: positive control with pGEM-CRE. : negative control with 









4.4.1 Cre-mediated excision of loxP-flanked sequence in the transient 
         expression system  
 
        Although the Cre-loxP system has been widely applied in the mouse model for 
gene targeting and chromosome engineering, the application of Cre-loxP in fish 
models has largely unexplored. Several studies indicated the potential of Cre-
mediated transgene excision in zebrafish (Pan, et al., 2005, Thummel, et al., 2005, 
Langenau et al., 2005). Our current study also indicated the feasibility of Cre-loxP 
recombination in zebrafish. The Cre-mediated excision of loxP-flanked gfp and 
subsequent activation of downstream rfp were detected in the transient expression 
system by co-injection of pKRT8-LGLR and pCMV-CRE. In addition, Pan et al. 
(2005) also detected the Cre-mediated excision of a loxP-flanked gfp transgene in the 
mylz2:EGFPloxP transgenic line. The Cre-mediated recombination was also tested in 
zebrafish embryos of a hsp70:EGFP-cre transgenic line with effective excision of a 
loxP flanked stop sign (Thummel, et al., 2005). By injection of cre mRNA into stable 
rag2-loxP-dsRED2-loxP-EGFP-mMyc transgenic zebrafish lines, Langenau et al. 
(2005) demonstrated the efficiency of Cre-mediated excision of loxP-flanked dsRed 
and induced T cell lymphoblastic leukemia by the expression of mMyc.  By injection 
of the reporter construct pKRT8-LGLR, we also found the Cre-mediated 
recombination in our zp3:cre transgenic line. All these studies indicate that the Cre-
loxP recombination system is applicable in the zebrafish system. 
      
4.4.2. Cre-mediated germline excision in zp3:cre transgenic fish 
 
        The main purpose of this research is to generate a stable cre transgenic line for 
germline excision of transgene in transgenic fish by using the Cre-loxP system. We 




excision.  Both oocyte-specific expression of cre mRNA and Cre-mediated excision 
of a co-integrated loxP-flanked gfp were detected in the transgenic line. However, the 
expression of downstream rfp was not observed because of an insertion of an 
unknown sequence, which resulted in a reading frame shift of the rfp gene. 
Unexpected sequence insertion was also observed by Pan at al (2005) by injection of 
cre mRNA into the mylz2:EGFPloxP transgenic fish. Blast search in the zebrafish 
genome database indicated that the inserted sequence may derive from the zebrafish 
genome, as the last 26-bp of the insert matches to 11 chromosome locations with 
>96% identity (Fig 4-9A). Thyagarajan et al. (2000) reported that the mammalian 
genomes contain active pseudo-loxP sites and the Cre-mediated recombination 
between these pseudo-loxP sites was also detected. Based on the strategy of 
Thyagarajan et al. (2000), we search the zebrafish genome data with the 13 bp 
palindromic regions of the loxP site and allow some mismatches except for the inner 
5-bp nucleotides. Three pseudo-loxP sites were also identified in the zebrafish 
genome but whether they are recognized by Cre recombinase remains unclear (Fig 4-
9B). It is also unclear whether these pseudo-loxP sites contributed to the 40-bp 










Chromosome 7 (1260764-1260797) 
ATAATTATTTATATTATATTATATATGAATGTAT 
Chromosome 14 (89994777-89994810) 
ATAAATATATATATATATTTATATATGAATGTAT 
Chromosome 18 (394180-394213) 
 
 
Figure 4-9. The genomic locations of inserted 40-bp sequence (A) and possible 
pseudo-loxP sites (B). A: 11 chromosome loci of the inserted sequence. Box indicates 
locations on both strands. B: three pseudo-loxP sites in zebrafish genome. The 
nucleotides identical to wild loxP was underlined. The search was based on methods 





       The zp3:cre transgenic fish were also crossed with another reporter transgenic 
line, mylz2:EGFPloxP transgenic fish (Pan et al., 2005). As the zp3 promoter is active 
in early developing oocytes (Stage I-III) and the first meiosis is completed in 
maturing oocytes (Stage IV), the Cre-mediated recombination should occur in all of 
the occytes even if the transgenic fish are hemizygous. Thus, the excision of loxP-
flanked gfp was expected in all offsprings from zp3:cre transgenic female. However, 
GFP expression was observed in half of F2 progenies, half of which also contained 
the cre DNA. Thus, the Cre-mediated chromosomal excision did not occur. This 
observation appears to be contradictory with the early observations of the efficient 
excision of co-integrated KRT8-LGLR and injected pKRT8-LGLR in the zp3:cre 
transgenic fish. However, in the first observation, the excision for the pKRT8-LGLR 
construct was likely to occur before its integration due to the co-injected pZP3-CRE 
construct as demonstrated in Fig 4-4 A-B. Thus, consistent with the second 
observation, in both cases, the Cre-mediated excision occurred only to the injected 
extra-chromosomal DNA. Additionally, we also tested another cre transgenic line, 
cmv:cre crossed with mylz2:EGFPloxP transgenic fish, there was no Cre-mediated 
excision detected in the offsprings of mylz2:EGFPloxP/ cmv-cre double transgenic fish 
(Pan et al, unpublished) although the efficient recombination was observed in 
transient expression (Fig 4-2, B &C). Furthermore, effective transient Cre-mediated 
recombination was observed in at least one of the two components, cre or loxP 
reporter in a transient expression system, either by injection of cre mRNA into stable 
loxP reporter line (Pan et al., 2005; Langenau et al., 2005) or by injection of loxP 
reporter construct into stable cre transgenic line (Thummel et al., 2005). Thummel et 
al. (2005) reported the PCR detection of Cre-mediated excision by crossing a pCMV-




following GFP expression was not observed.  All of these observations indicate that 
the chromosomal excision by Cre-loxP system in zebrafish is possible but not as 
effective as that in the transient expression system.  
           The low efficiency of Cre-mediated recombination in chromosomal excision 
may be due to several reasons. Firstly, the prokaryotic cre gene may contain some 
epigenetic silencing sites which may cause the low expression level of Cre 
recombinase in mammalian system (Shimeshek et al., 2002).  Low expression level of 
cre was observed in the hsp70:EGFP-cre transgenic line with low level of RFP 
detected after Cre-mediated recombination (Thummel et al., 2005). Secondly, the 
integration sites of loxP-flanked transgene may also affect the recombination 
efficiency. Langenau et al. (2005) reported that there was different Cre-mediated 
excision efficiency in two rag2-loxP-dsRED2-loxP-EGFP-mMyc transgenic lines 
after injection of cre RNA into one-cell-stage embryos. It was supposed that the 
position effects of integration and/or concatamer orientation of loxP-flanked 
transgene may affect the Cre-mediated excision (Langenau et al. 2005). Another 
report also indicated that only one out of six transgenic loxP lines was detected with 
Cre-mediated excision after injection of iCre (codon-improved Cre) mRNA (Parant & 
Yost, 2006). In addition, Ryffel et al. (2003) failed to establish a double transgenic 
line with both loxP reporter and Cre expression construct in Xenopus as there were 
limited numbers of healthy transgenic animals, and they supposed that the reason may 
be the same integration locus of two transgenes lead to the lethality of transgenic 
individuals. Thirdly, as the zp3 promoter controlled Cre expression was in the 
cytoplasm of developing oocytes, the cytoplasm-expressed Cre recombinase may not 
be effectively translocated to the nucleus although a short nucleus location sequence 




Shimeshek et al. (2002) developed a codon-improved Cre recobinase (iCre) by 
modifying the original prokaryotic Cre DNA. They introduced some silent nucleotide 
substitutions, minimized CpG content and eliminated putative cryptic splice sites. The 
iCre was found to be more effective than the prokaryotic Cre in transgenic mice 
(Shimeshek et al., 2002; Lan et al., 2004). On the other hand, we may also need 
another loxP reporter transgenic zebrafish line for further test on our zp3:cre 
transgenic fishes. 
 
4.4.3 Applications of zp3:cre transgenic line 
 
       A properly constructed zp3:cre transgenic line has several important applications.         
Firstly, it can be used to maintain transgenic lines in which the expression of 
transgenes may result in lethal phenotype. As most oncogene such as K-Ras and C-
myc may induce lethal tumors in fish, thus it is difficult for maintenance and 
reproduction of these oncogene transgenic fish. By placing a loxP-flanked stop 
sequence preceding the oncogene, it will be possible to generate and maintain a 
conditional oncogene transgenic line. After crossing with the zp3:cre transgenic line,  
the oncogene transgenic fishes may develop tumors only after Cre-mediated excision 
of the loxP flanked stop sequence.  
       Secondly, the zp3:cre transgenic zebrafish may also be applied for study maternal 
effect genes as described by De Vries et al (2000). As most transcripts of maternal 
genes were expressed in the growing oocytes and stored in mature oocyte for later 
translation (De Moor and Rithcher, 1999), it is possible to inactivate the targeted 
maternal genes by Cre-loxP recombination in the oocytes of zp3:cre transgenic fish, 
and study its effect in the later embryo development. This can be accomplished by 




crossing with zp3:cre transgenic zebrafish. The targeted gene will be inactivated in 
the oocytes of the next generation after crossing with the zp3:cre transgenic zebrafish.  
       Thirdly, the zp3:cre transgenic zebrafish may serve as a transgenic model in 
prevention of ecological problems that might be caused by release of transgenic fishes 
in the wild. Transgenic fish with some foreign genes may cause ecological concerns, 
such as the fast-growing growth hormone transgenic fish (Jonsson et al., 1996). By 
generating a transgenic line with a loxP-flanked transgene and crossing with the 
zp3:cre transgenic line, the germline excision of the transgene in the next generation 
can be expected and thus the presence of transgene in these transgenic fish can be 
controlled in this way. Similarly, it is also useful for protection of intellectual property 






































Amores A, Force A, Yan YL, Joly L, Amemiya C, Fritz A, Ho RK, Langeland J, 
Prince V, Wang YL, Westerfield M, Ekker M, Postlethwait JH. 1998. Zebrafish hox 
clusters and vertebrate genome evolution. Science. 282(5394):1711-4. 
 
Amsterdam A, Lin S, Hopkins N. 1995. The Aequorea victoria green fluorescent 
protein can be used as a reporter in live zebrafish embryos. Dev Biol. 171(1):123-9. 
 
Amsterdam A. 2003. Insertional mutagenesis in zebrafish. Dev Dyn. 228(3):523-34. 
 
Andersen L, Holbech H, Gessbo A, Norrgren L, Petersen GI.2003. Effects of 
exposure to 17alpha-ethinylestradiol during early development on sexual 
differentiation and induction of vitellogenin in zebrafish (Danio rerio). Comp 
Biochem Physiol C Toxicol Pharmacol. 134(3):365-74. 
 
Arukwe A, Celius T, Walther BT, Goksoyr A. 2000. Effects of xenoestrogen 
treatment on zona radiata protein and vitellogenin expression in Atlantic salmon 
(Salmo salar). Aquat Toxicol. 49 (3):159-170. 
 
Arukwe A, Kullman SW, Berg K, Goksoyr A, Hinton DE. 2002.  Molecular cloning 
of rainbow trout (Oncorhynchus mykiss) eggshell zona radiata protein complementary 
DNA: mRNA expression in 17beta-estradiol- and nonylphenol-treated fish. Comp 
Biochem Physiol B Biochem Mol Biol. 132(2):315-326. 
 
Barut BA, Zon LI. 2000. Realizing the potential of zebrafish as a model for human 
disease. Physiol Genomics. 2(2):49-51. Review. 
 
Beier D.R. 1999. Zebrafish: Genomics on the fast track (review). Genome Research. 
8:9-17. 
 
Bleil J.D., Wassarman P.M. 1980. Structure and function of the zona pellucida: 
identification and characterization of the proteins of the mouse oocyte’s zona 
pellucida. Dev. Biol. 76, 185-202. 
 
Bleil J.D., Wassarman P.M. 1983. Sperm-egg interactions in the mouse: sequence of 
events and induction of the acrosome reaction by a zona pellucida glycoprotein. Dev. 
Biol. 95:317-324. 
 
Bork P.1993. A trefoil domain in the major rabbit zona pellucida protein. Protein Sci. 
2(4): 669-70. 
 
Braat AK, Zandbergen T, van de Water S, Goos HJ, Zivkovic D.1999. 
Characterization of zebrafish primordial germ cells: morphology and early  
distribution of vasa RNA. Dev Dyn. 216(2):153-67. 
 
Braat AK, Speksnijder JE, Zivkovic D. 1999. Germ line development in fishes. 
Int J Dev Biol. 43(7):745-60. Review. 
 
Branda CS, Dymecki SM. 2004. Talking about a revolution: The impact of site-





Brion F, Tyler CR, Palazzi X, Laillet B, Porcher JM, Garric J, Flammarion P. 2004. 
Impacts of 17beta-estradiol, including environmentally relevant concentrations, on 
reproduction after exposure during embryo-larval-, juvenile- and adult-life stages in 
zebrafish (Danio rerio). Aquat Toxicol. 68(3):193-217. 
 
Bunting M, Bernstein KE, Greer JM, Capecchi MR, Thomas KR. 1999. Targeting 
genes for self-excision in the germ line.Genes Dev. 13(12):1524-8. 
 
Callard GV, Tchoudakova AV, Kishida M, Wood E.2001. Differential tissue 
distribution, developmental programming, estrogen regulation and promoter 
characteristics of cyp19 genes in teleost fish. J Steroid Biochem Mol Biol. 79(1-
5):305-14. Review 
 
Cao A, Moi P. 2002. Regulation of the globin genes. Pediatr Res. 51(4):415-21. 
Review. 
 
Capecchi MR. 1989. Altering the genome by homologous recombination. Science. 
244 (4910):1288-92. Review. 
 
Chan J, Bayliss PE, Wood JM, Roberts TM. 2002 Dissection of angiogenic signaling 
in zebrafish using a chemical genetic approach. Cancer Cell. (3):257-67. 
 
Chang YS., Wang SC., Tsao CC., Huang FL.1996; Molecular cloning, structural 
analysis and expression of carp ZP3 gene. Mol Reprod. Dev. 44: 295-304. 
 
Chang Y.S, Hsu C.C., Wang S.C., Tsao C.C. and Huang F.L. 1997; Molecular 
cloning, structural analysis and expression of Carp ZP2 gene. Molecular Reprod & 
Develop. 46: 258-267. 
 
Chen E, Ekker SC. 2004 Oct; Zebrafish as a genomics research model. Curr Pharm 
Biotechnol. 5(5):409-13. Review. 
 
Celius T, Walther BT. 1998. Oogenesis in Atlantic salmon (Salmo salar L.) occurs by 
zonagenesis preceding vitellogenesis in vivo and in vitro. J Endocrinol. 158(2):259-66. 
 
Celius T, Matthews JB, Giesy JP, Zacharewski TR. 2000. Quantification of rainbow 
trout (Oncorhynchus mykiss) zona radiata and vitellogenin mRNA levels using real-
time PCR after in vivo treatment with estradiol-17 beta or alpha-zearalenol. J Steroid 
Biochem Mol Biol. 15: 75(2-3):109-119. 
 
Christiane N.V and Ralf Dahm. 2002. Zebrafish. A practical approach. Oxford 
university press. 
 
Conner S.J. and Hughes D.C. Analysis of fish ZP1/ZPB homologous genes-evidence 
for both genome duplication and species-specific amplification models of evolution. 
Reproduction 2003; 126: 347-352. 
 
Corey DR, Abrams JM. 2001; Morpholino antisense oligonucleotides: tools for 





Daniel S. Wagner, Roland Dosch, Keith A. Mintzer, Anthony P. Wiemelt, and Mary 
C. Mullins. 2004. Maternal Control of Development at the Midblastula Transition and 
beyond: Mutants from the Zebrafish II.  Dev Cell.  6(6): 781-790. 
 
Darie CC, Biniossek ML, Jovine L, Litscher ES, Wassarman PM. 2004. Structural 
characterization of fish egg vitelline envelope proteins by mass spectrometry. 
Biochemistry. 43(23):7459-78. 
 
Dass CR. 2004. Lipoplex-mediated delivery of nucleic acids: factors affecting in vivo 
transfection. J Mol Med. 82(9):579-91. Epub 2004 Jun 23. Review. 
 
Davidson AE, Balciunas D, Mohn D, Shaffer J, Hermanson S, Sivasubbu S, Cliff MP, 
Hackett PB, Ekker SC. 2003. Efficient gene delivery and gene expression in zebrafish 
using the Sleeping Beauty transposon. Dev Biol. 263(2):191-202. 
 
Del Giacco L, Diani S, Cotelli F. 2000. Identification and spatial distribution of the 
mRNA encoding an egg envelope component of the Cyprinid zebrafish, Danio rerio, 
homologous to the mammalian ZP3 (ZPC). Dev Genes Evol. 210(1):41-6. 
 
Dean J. 2002. Oocyte-specific genes regulate follicle formation, fertility and early 
mouse development. J Reprod Immunol. 53(1-2):171-80. Review. 
 
De Moor CH, Richter JD.1999. Cytoplasmic polyadenylation elements mediate 
masking and unmasking of cyclin B1 mRNA. EMBO J. 18(8):2294-303. 
 
De Vries WN, Binns LT, Fancher KS, Dean J, Moore R, Kemler R, Knowles 
BB.2000. Expression of Cre recombinase in mouse oocytes: a means to study 
maternal effect genes. Genesis. 26(2):110-2. 
 
Dupuy AJ, Clark K, Carlson CM, Fritz S, Davidson AE, Markley KM, Finley K, 
Fletcher CF, Ekker SC, Hackett PB, Horn S, Largaespada DA. 2002. Mammalian 
germ-line transgenesis by transposition. Proc Natl Acad Sci U S A. 99(7):4495-9. 
 
Dong J, Stuart GW. 2004. Transgene manipulation in zebrafish by using 
recombinases. Methods Cell Biol. 77:363-79. 
 
Dosch R, Wagner DS, Mintzer KA, Runke G, Wiemelt AP, Mullins MC. Maternal 
control of vertebrate development before the midblastula transition: mutants from the 
zebrafish I. Dev Cell.  6(6):771-80. 
 
Duffy J.B., et al. 2002. GAL4 system in Drosophila: a fly geneticist's Swiss army 
knife. Genesis 34; pp. 1–15. 
 
Dunbar B.S., Avery S., Lee V., Parasad S., Schiwahn D., Schewoebel E., Skinner S. 
and Wilkins B. 1994. The mammalian zona pellucida: its biochemistry, 
immunochemistry, molecular biology, and developmental expression. Reprod. Fertil. 





Dynes JL, Ngai J. 1998. Pathfinding of olfactory neuron axons to stereotyped 
glomerular targets revealed by dynamic imaging in living zebrafish embryos. Neuron. 
20(6):1081-91. 
 
Fan LC, Yang ST, Gui JF. 2001. Differential screening and characterization analysis 
of the egg envelope glycoprotein ZP3 cDNAs between gynogenetic and gonochoristic 
crucian carp. Cell Res. 11(1):17-27. 
 
Fenske M, Segner H. 2004. Aromatase modulation alters gonadal differentiation in 
developing zebrafish (Danio rerio). Aquat Toxicol. 67(2):105-26. 
 
Field HA, Dong PD, Beis D, Stainier DY. 2003. Formation of the digestive system in 
zebrafish. II. Pancreas morphogenesis. Dev Biol. 261(1):197-208. 
 
Field HA, Ober EA, Roeser T, Stainier DY. 2003. Formation of the digestive system 
in zebrafish. I. Liver morphogenesis. Dev Biol. 253(2):279-90. 
 
Fischer SE, Wienholds E, Plasterk RH.2001. Regulated transposition of a fish 
transposon in the mouse germ line. Proc Natl Acad Sci U S A. 98(12):6759-64. 
 
Gargioli C, Slack JM. 2004 Jun. Cell lineage tracing during Xenopus tail regeneration. 
Development. 131(11):2669-79. 
 
Garrick D, Fiering S, Martin DI, Whitelaw E. 1998 Jan; Repeat-induced gene 
silencing in mammals. Nat Genet. 18(1):56-9. 
 
Gong Z., and Wan H. 2001. Green fluorescent protein (GFP) transgenic fish and their 
applications. Genetica 111:213-225. 
 
Gong Z, Ju B, Wang X, He J, Wan H, Sudha PM, Yan T. 2002. Green fluorescent 
protein expression in germ-line transmitted transgenic zebrafish under a stratified 
epithelial promoter from keratin8. Dev Dyn. 223(2):204-15. 
 
Gong Z, Wan H, Tay TL, Wang H, Chen M, Yan T. 2003. Development of transgenic 
fish for ornamental and bioreactor by strong expression of fluorescent proteins in the 
skeletal muscle. Biochem Biophys Res Commun. 308(1):58-63. 
 
Gong Z., Wu YL., and Sudha PM. 2004. Transgenic fishes for developmental studies. 
Published in Fish development and genetics (edt by Gong Z. and Korzh V.). 
 
Gu H, Marth JD, Orban PC, Mossmann H, Rajewsky K. 1994. Deletion of a DNA 
polymerase beta gene segment in T cells using cell type-specific gene targeting. 
Science. 265(5168):103-6. 
 
Halloran MC, Sato-Maeda M, Warren JT, Su F, Lele Z, Krone PH, Kuwada JY, Shoji 
W.Laser-induced gene expression in specific cells of transgenic zebrafish. 
Development. 127(9):1953-60. 
 
Han, S.Y., Zhou, L., Upadhyaya, A., Lee, S.H., Parker, K.L. and DeJong, J. 2001. 




is up-regulated with other general transcription factors during spermatogenesis in the 
mouse. Biol Reprod 64:507–517. 
 
 
Harris JD., Hibler DW., Fontenot GK., Hsu KT., Yuewicz EC., Sacco AG. 1994; 
Cloning and characterization of zona pellucida genes and cDNAs from a variety of 
mammalian species: the ZPA, ZPB and ZPC gene families. DNA Seq. 4:361-393. 
 
Hashimoto Y, Maegawa S, Nagai T, Yamaha E, Suzuki H, Yasuda K, Inoue K. 
Localized maternal factors are required for zebrafish germ cell formation. Dev Biol. 
268(1):152-61. 
 
Heasman J. 2002 Mar 15; Morpholino oligos: making sense of antisense? Dev Biol. 
243 (2):209-14. Review.  
 
Her GM, Chiang CC, Chen WY, Wu JL. 2003. In vivo studies of liver-type fatty acid 
binding protein (L-FABP) gene expression in liver of transgenic zebrafish (Danio 
rerio).FEBS Lett. 538(1-3):125-33. 
 
Higashijima S, Hotta Y, Okamoto H. Visualization of cranial motor neurons in live 
transgenic zebrafish expressing green fluorescent protein under the control of the 
islet-1 promoter/enhancer. J Neurosci.  20(1):206-18. 
 
Hill RL Jr, Janz DM.2003. Developmental estrogenic exposure in zebrafish (Danio 
rerio): I. Effects on sex ratio and breeding success. Aquat Toxicol. 63(4):417-29. 
 
Hill RL Jr, Janz DM. 2003. Developmental estrogenic exposure in zebrafish (Danio 
rerio): I. Effects on sex ratio and breeding success. Aquat Toxicol. 63(4):417-29. 
 
Hoffmann W, Hauser F. 1993. The P-domain or trefoil motif: a role in renewal and 
pathology of mucous epithelia? Trends Biochem Sci. 18(7):239-43. 
 
Hsiao CD, Tsai HJ.2003. Transgenic zebrafish with fluorescent germ cell: a useful 
tool to visualize germ cell proliferation and juvenile hermaphroditism in vivo. Dev 
Biol. 262 (2):313-23. 
 
Huang H, Vogel SS, Liu N, Melton DA, Lin S. 2001. Analysis of pancreatic 
development in living transgenic zebrafish embryos. Mol. Cell Endocrinol. 177(1-
2):117-24. 
 
Huang CJ, Jou TS, Ho YL, Lee WH, Jeng YT, Hsieh FJ, Tsai HJ. 2005. Conditional 
expression of a myocardium-specific transgene in zebrafish transgenic lines. Dev Dyn. 
233(4):1294-1303 
 
Hughes DC, Barratt CL. Oct 28, 1999. Identification of the true human orthologue of 
the mouse Zp1 gene: evidence for greater complexity in the mammalian zona 





Hyllner S.J., Westerlund L., Olsson PE., and Schopen A. 2001. Cloning of rainbow 
trout egg envelope proteins: members of a unique group of structural proteins. 
Biology of Reproduction 64: 805-811. 
 
Inoue K, Yamashita S, Hata J, Kabeno S, Asada S, Nagahisa E, Fujita T. 1990. 
Electroporation as a new technique for producing transgenic fish. Cell Differ Dev. 
29(2):123-8. 
 
Jager R, Maurer J, Jacob A, Schorle H. 2004. Cell type-specific conditional regulation 
of the c-myc proto-oncogene by combining Cre/loxP recombination and tamoxifen-
mediated activation. Genesis. 38(3):145-50. 
 
Jesuthasan S, Subburaju S. 2002. Gene transfer into zebrafish by sperm nuclear 
transplantation. Dev Biol. 242(2):88-95. 
 
Jonsson E, Johnsson JI, Bjornsson BT. 1996. Growth hormone increases predation 
exposure of rainbow trout. Proc Biol Sci. 263(1370):647-51. 
 
Jovine L, Qi H, Williams Z, Litscher E, Wassarman PM. 2002. The ZP domain is a 
conserved module for polymerization of extracellular proteins. Nat. Cell Biol. 
4(6):457-61. 
 
Jovine L, Darie CC, Litscher ES, Wassarman PM. 2005. Zona pellucida domain 
proteins. Annu Rev Biochem. 74:83-114. 
 
Ju B, Xu Y, He J, Liao J, Yan T, Hew CL, Lam TJ, Gong Z. 1999. Faithful expression 
of green fluorescent protein (GFP) in transgenic zebrafish embryos under control of 
zebrafish gene promoters. Dev Genet. 25(2):158-67. 
 
Ju B, Chong SW, He J, Wang X, Xu Y, Wan H, Tong Y, Yan T, Korzh V, Gong 
Z.2003. Recapitulation of fast skeletal muscle development in zebrafish by transgenic 
expression of GFP under the mylz2 promoter. Dev Dyn. 227(1):14-26.
 
Kanamori A. et al. 2000; Systematic identification of genes expressed during early 
oogenesis in medaka. Mol. Reprod. Dev. 55: 31-36. 
 
Kanamori A, Naruse K, Mitani H, Shima A, Hori H. 2003; Genomic organization of 
ZP dormain containing egg envelope genes in medaka (Oryzias Latipes). Gene 
305:35-45. 
 
Kasim V, Miyagishi M, Taira K. 2004. Control of siRNA expression using the Cre-
loxP recombination system. Nucleic Acids Res. 32(7):e66. 
 
Kawakami K, Shima A, Kawakami N. 2000. Identification of a functional transposase 
of the Tol2 element, an Ac-like element from the Japanese medaka fish, and its 
transposition in the zebrafish germ lineage. Proc Natl Acad Sci U S A. 97(21):11403-
8. 
 
Kijima T, Osaki T, Nishino K, Kumagai T, Funakoshi T, Goto H, Tachibana I, Tanio 




enhances antitumor effects in cell type-specific gene therapy against 
carcinoembryonic antigen-producing cancer. Cancer Res. 59(19):4906-11. 
 
Kimmel C.B., Ballard W.W., Kimmel S.R., Ullmann B., and Schilling T.F. 1995. 
Stages of embryonic development of the zebrafish. Dev. Dyn. 203: 253-310. 
 
Knaut H, Steinbeisser H, Schwarz H, Nusslein-Volhard C. 2002. An evolutionary 
conserved region in the vasa 3'UTR targets RNA translation to the germ cells in the 
zebrafish. Curr Biol. 12(6):454-66. 
 
Knoebl I, Hemmer MJ, Denslow ND. 2004. Induction of zona radiata and vitellogenin 
genes in estradiol and nonylphenol exposed male sheepshead minnows (Cyprinodon 
variegatus).Mar Environ Res. 58(2-5):547-51. 
 
Koga A. 2004. Transposition mechanisms and biotechnology applications of the 
medaka fish Tol2 transposable element. Adv Biophys. 38:161-80. Review. 
 
Kawakami K, Shima A, Kawakami N. 2000 Oct 10. Identification of a functional 
transposase of the Tol2 element, an Ac-like element from the Japanese medaka fish, 
and its transposition in the zebrafish germ lineage. Proc Natl Acad Sci U S A. 
97(21):11403-8. 
 
Kawakami K. 2005. Transposon tools and methods in zebrafish. Dev Dyn. 
234(2):244-54. Review. 
 
Krovel AV, Olsen LC. 2002. Expression of a vas::EGFP transgene in primordial 
germ cells of the zebrafish. Mech Dev. 116(1-2):141-50. 
 
Kohli G, Hu S, Clelland E, Di Muccio T, Rothenstein J, Peng C. Cloning of 
transforming growth factor-beta 1 (TGF-beta 1) and its type II receptor from zebrafish 
ovary and role of TGF-beta 1 in oocyte maturation. Endocrinology. 144(5):1931-41. 
 
Koprunner M., Thisse C, Thisse B and Raz E. 2001.  A zebrafish nanos-related gene 
is essential for the development of primordial germ cells. Genes Dev. 15: 2877-85. 
 
Kurita K, Burgess SM, Sakai N. 2004. Transgenic zebrafish produced by retroviral 
infection of in vitro-cultured sperm. Proc Natl Acad Sci U S A. 101(5):1263-7.  
 
Kwok HF, So WK, Wang Y, Ge W. 2005. Zebrafish gonadotropins and their receptors: 
I. Cloning and characterization of zebrafish follicle-stimulating hormone and 
luteinizing hormone receptors--evidence for their distinct functions in follicle 
development. Biol Reprod. 72(6):1370-81.  
 
Langenau DM, Traver D, Ferrando AA, Kutok JL, Aster JC, Kanki JP, Lin S, 
Prochownik E, Trede NS, Zon LI, Look AT. 2003.  Myc-induced T cell leukemia in 
transgenic zebrafish. Science 299(5608):887-90. 
 
 Langenau DM and Zon LI. 2005. The zebrafish: a new model of T-cell and thymic 





Langenau DM, Feng H, Berghmans S, Kanki JP, Kutok JL, Look AT. 2005. Cre/lox-
regulated transgenic zebrafish model with conditional myc-induced T cell acute 
lymphoblastic leukemia. Proc Natl Acad Sci U S A. 102(17):6068-73. 
 
Larkin P, Folmar LC, Hemmer MJ, Poston AJ, Lee HS, Denslow ND. 2002. Array 
technology as a tool to monitor exposure of fish to xenoestrogens. Mar Environ Res. 
54(3-5):395-9. 
 
Lazier, C.B., Mackay, M.E. 1993. Vitellogenin gene expression in teleost fish. In: 
Hochachka, P.W., Mommsen, T.P. (Eds.), Biochemistry and Molecular Biology of 
fishes Vol. 2. Elsevier Science Publishers,  Amsterdam and New York, pp.391-405. 
 
Lee C., Jeon SH, Na JG,  Choi YJ, Park K. 2002. Sensitivities of mRNA expression 
of vitellogenin, choriogenin and estrogen receptor by estrogenic chemicals in medaka, 
Oryzias latipes. Journal of Health Science. 48(5):441-445. 
 
Lee KY, Huang H, Ju B, Yang Z, Lin S. 2002. Cloned zebrafish by nuclear transfer 
from long-term-cultured cells. Nat Biotechnol. 20(8):795-799.  
 
Lefievre L, Conner SJ, Salpekar A, Olufowobi O, Ashton P, Pavlovic B, Lenton W, 
Afnan M, Brewis IA, Monk M, Hughes DC, Barratt CL. 2004. Four zona pellucida 
glycoproteins are expressed in the human. Hum Reprod. 19(7):1580-6. 
 
Lewandoski M, Wassarman KM, Martin GR. 1997. Zp3-cre, a transgenic mouse line 
for the activation or inactivation of loxP-flanked target genes specifically in the 
female germ line. Current Biol. 7(2):148-51. 
 
Lewandoski M. 2001. Conditional control of gene expression in the mouse. Nat Rev 
Genet. (10):743-55. Review. 
 
Liang L, Soyal SM, Dean J. 1997. FIGalpha, a germ cell specific transcription factor 
involved in the coordinate expression of the zona pellucida genes. Development. 
124(24):4939-47. 
 
Lindsay LL, Yang JC, Hedrick JL. 2002; Identification and characterization of a 
unique Xenopus laevis egg envelope component, ZPD.Dev Growth Differ. 44(3): 
205-12 
 
Lobe CG, Nagy A. 1998. Conditional genome alteration in mice. Bioessays. 
20(3):200-8. Review. 
 
Logie C, Stewart AF. 1995. Ligand-regulated site-specific recombination. 
Proc Natl Acad Sci U S A. 92(13):5940-4. 
 
Long Q, Meng A, Wang H, Jessen JR, Farrell MJ, Lin S. 1997. GATA-1 expression 






Lyons CE, Payette KL, Price JL, Huang RC.1993. Expression and structural analysis 
of a teleost homolog of a mammalian zona pellucida gene. J Biol Chem. 
268(28):21351-8. 
 
Maack G, Segner H. 2004. Life-stage-dependent sensitivity of zebrafish (Danio rerio) 
to estrogen exposure. Comp Biochem Physiol C Toxicol Pharmacol. 139(1-3):47-55. 
 
Maack G and Segner H., 2003. Morphological development of the gonads in zebrafish. 
Journal of Fish Biology  62, 895–906 
 
McGuire SE, Roman G, Davis RL. 2004.Gene expression systems in Drosophila: a 
synthesis of time and space. Trends Genet. 20(8):384-91. Review. 
 
Menuet, A., Pellegrini, E., Anglade, I., Blaise, O., Laudet, V., Kah, O., Pakdel, F. 
2002. Molecular characterization of three estrogen receptor forms in zebrafish: 
binding characteristics, transactivation properties, and tissue distributions. Bio. 
Reprod. 66, 1881-1892. 
 
Mould D.E., Kim I.F., Tsai C., Lee D., Chang C., and Huang R.C. 2001. Clusters of 
genes encoding the major egg envelope protein of zebrafish. Mol. Rep. Dev. 58, 4-14. 
  
Muruta K., Sasaki T., Yasumasu S., Iuchi I., Enami J., Yasuma I and Yamagami K. 
1997;  Cloning of cDNA and estrogen-induced hepatic gene expression for 
choiogenin H, a precursor protein of the fish egg envelope (chorion). PNAS. USA. 94: 
2050-2055. 
 
Nagahama Y. 1983. The functional morphology of teleost gonads. In “fish 
Physiology” (W.S. Hoar, D.J.Randall. et al). vol. IX , pp:223-275. 
 
Nagy A. 2000. Cre recombinase: the universal reagent for genome tailoring. Genesis.  
26(2):99-109. Review. 
 
Nakamura M., Kobayashi T., Chang XT., and Nagahama Y. 1998. Gonadal sex 
differentiation in teleost fish. The Journal of Exp Zoology. 281: 362-372. 
 
Nash JP, Kime DE, Van der Ven LT, Wester PW, Brion F, Maack G, Stahlschmidt-
Allner P, Tyler CR. 2004 Dec; Long-term exposure to environmental concentrations 
of the pharmaceutical ethynylestradiol causes reproductive failure in fish. Environ 
Health Perspect. 112(17):1725-33. 
 
North TE, Zon LI. 2003. Modeling human hematopoietic and cardiovascular diseases 
in zebrafish. Dev Dyn. 228(3):568-83. 
 
Novak A, Guo C, Yang W, Nagy A, Lobe CG. 2000. Z/EG, a double reporter mouse 
line that expresses enhanced green fluorescent protein upon Cre-mediated excision. 
Genesis. 28(3-4):147-55. 
 
Naruse, K., Tanaka, M., Mita, K., Shima, A., Postlethwait, J., and Mitani,H. 2004. A 
medaka gene map: The trace of ancestral vertebrate proto-chromosomes revealed by 




Okumura H, Kohno Y, Iwata Y, Mori H, Aoki N, Sato C, Kitajima K, Nadano D, 
Matsuda T. 2004; A newly identified zona pellucida glycoprotein, ZPD, and dimeric 
ZP1 of chicken egg envelope are involved in sperm activation on sperm-egg 
interaction. Biochem J.vol. (15)384 (Pt 1):191-199. 
 
Orn S, Holbech H, Madsen TH, Norrgren L, Petersen GI. 2003. Gonad development 
and vitellogenin production in zebrafish (Danio rerio) exposed to ethinylestradiol and 
methyltestosterone. Aquat Toxicol. 65(4):397-411. 
 
Olsen LC, Aasland R, Fjose A. 1997. A vasa-like gene in zebrafish identifies putative 
primordial germ cells. Mech Dev. 66(1-2):95-105. 
 
Onichtchouk D, Aduroja K, Belting HG, Gnugge L, Driever W. 2003. Transgene 
driving GFP expression from the promoter of the zona pellucida gene zpc is expressed 
in oocytes and provides an early marker for gonad differentiation in zebrafish. Dev 
Dyn. 228(3):393-404. 
 
Oppen-Berntsen DO, Arukwe A, Yadetie F, Lorens JB, Male R. 1999. Salmon 
Eggshell Protein Expression: A Marker for Environmental Estrogens. Mar Biotechnol 
(NY). 1(3): 252-260. 
 
Ovitt CE, Scholer HR. 1998. The molecular biology of Oct-4 in the early mouse 
embryo. Mol Hum Reprod. 4(11):1021-31. Review. 
 
Pall M, Hellberg P, Brannstrom M, Mikuni M, Peterson CM, Sundfeldt K, Norden B, 
Hedin L, Enerback S. 1997. The transcription factor C/EBP-beta and its role in 
ovarian function; evidence for direct involvement in the ovulatory process. EMBO J. 
16(17):5273-5279. 
 
Pan X, Wan H, Chia W, Tong Y, Gong Z. 2005. Demonstration of site-directed 
recombination in transgenic zebrafish using the Cre/loxP system. Transgenic Res. 
14(2):217-23. 
 
Pangas SA, Rajkovic A. 2005 Sep 2; Transcriptional regulation of early oogenesis: in 
search of masters. Hum Reprod Update.  
 
Parant J., Yost H. Joseph. 2006. Developing the CRE/LOX system in zebrafish. 
Zebrafish Conference Abstract. 
 
Parinov S, Kondrichin I, Korzh V, Emelyanov A. 2004. Tol2 transposon-mediated 
enhancer trap to identify developmentally regulated zebrafish genes in vivo. Dev Dyn. 
231(2):449-59. 
 
Parng C. 2005. In vivo zebrafish assays for toxicity testing. Curr Opin Drug Discov 
Devel. 8(1):100-6. Review. 
 
Patton EE, Zon LI. 2001. The art and design of genetic screens: zebrafish. Nat Rev 





Pelegri F. 2004. The role of maternal factors in early zebrafish development. 
Published in Fish development and genetics (edt by Gong Z. and Korzh V.). 
 
Pesce M, Anastassiadis K, Scholer HR. 1999. Oct-4: lessons of totipotency from 
embryonic stem cells. Cells Tissues Organs. 165(3-4):144-52. Review. 
 
Pesce M, Scholer HR. 2000 Apr; Oct-4: control of totipotency and germline 
determination. Mol Reprod Dev. 55(4):452-7. Review. 
 
Piontkewitz Y, Enerback S, Hedin L. 1996. Expression of CCAAT enhancer binding 
protein-alpha (C/EBP alpha) in the rat ovary: implications for follicular development 
and ovulation. Dev Biol. 179(1):288-96. 
 
Postlethwait, J.H., Woods, I.G., Ngo-Hazelett, P., Yan, Y.L., Kelly, P.D., Chu, F., 
Huang, H., Hill-Force, A., and Talbot, W.S. 2000. Zebrafish comparative genomics 
and the origins of vertebrate chromosomes. Genome Res. 10: 1890–1902. 
 
Postlethwait J.H. 2004. Evolution of the zebrafish genome. Published in Fish 
development and genetics (edt by Gong Z. and Korzh V.). 
 
Ryffel GU, Werdien D, Turan G, Gerhards A, Goosses S, Senkel S. 2003. Tagging 
muscle cell lineages in development and tail regeneration using Cre recombinase in 
transgenic Xenopus. Nucleic Acids Res. 31(8):e44. 
 
Rajkovic A, Yan C, Yan W, Klysik M, Matzuk MM. 2002. Obox, a family of 
homeobox genes preferentially expressed in germ cells.Genomics. 79(5):711-7. 
 
Rajkovic, A., Pangas, S.A., Ballow, D., Suzumori, N. and Matzuk, M.M. 2004. 
NOBOX deficiency disrupts early folliculogenesis and oocyte-specific gene 
expression. Science 305: 1157–1159. 
 
Ramji DP, Foka P. 2002 Aug 1; CCAAT/enhancer-binding proteins: structure, 
function and regulation. Biochem J. 365(Pt 3):561-75. Review. 
 
Rankin T, Dean J. 1996. The molecular genetics of the zona pellucida: mouse 
mutations and infertility. Mol Hum Reprod. 2(11):889-94. Review. 
 
Raz E. 2002. Primordial germ cell development in zebrafish. Semin Cell Dev Biol. 
13(6):489-95. Review. 
 
Raz Erez. 2004. Guidence of primordial germ cell migration. Current opinion in cell 
Biol., 16: 169-173. 
 
Ray MK, Fagan SP, Brunicardi FC. 2000. The Cre-loxP system: a versatile tool for 
targeting genes in a cell- and stage-specific manner. Cell Transplant.  9(6):805-15. 
eview. R 
Repin V.S., Akimova I.M., 1976. A study of the protein composition of the zona 
pullucida of mammalian oocytes and zygotes by a method of microelectrophoresis in 




Russell SH, Hoopes JL, Odell JT. 1992. Directed excision of a transgene from the 
plant genome. Mol Gen Genet. 234(1):49-59. 
 
Santini S, Bernardi G. Feb.,2005. Organization and base composition of tilapia Hox 
genes: implications for the evolution of Hox clusters in fish. Gene. 346:51-61. 
 
Sakai N. 2002. Transmeiotic differentiation of zebrafish germ cells into functional 
sperm in culture. Development. 129(14):3359-65. 
 
Sarmasik A. 2003. Application of gene transfer technology for genetic improvement 
of fish. Turk J Zool. 27: 1-6. 
 
Sauer B, Henderson N.1990. Targeted insertion of exogenous DNA into the 
eukaryotic genome by the Cre recombinase. New Biol. 2(5):441-9. 
 
Saucer B. 1993. Manipulation of transgenes by site-specific recombination: use of Cre 
recombinase. Methods Enzymol. 225:890-900.  
 
Saucer B. 1998. Inducible gene targeting in mice using cre/lox system. Methods: A 
comanion to methods in Enzymology. 14, 381-392. 
 
Schickler M, Lira SA, Kinloch RA, Wassarman PM.1992. A mouse oocyte-specific 
protein that binds to a region of mZP3 promoter responsible for oocyte-specific mZP3 
gene expression.Mol Cell Biol. 12(1):120-127. 
 
Scheer N, Camnos-Ortega JA. 1999. Use of the Gal4-UAS technique for targeted 
gene expression in the zebrafish. Mech Dev. 80(2):153-8. 
 
Schmidt EE, Taylor DS, Prigge JR, Barnett S, Capecchi MR. 2000. Illegitimate Cre-
dependent chromosome rearrangements in transgenic mouse spermatids. 
Proc Natl Acad Sci U S A. 97(25):13702-7. 
 
Scholer HR, Dressler GR, Balling R, Rohdewohld H, Gruss P.1990. Oct-4: a 
germline-specific transcription factor mapping to the mouse t-complex. EMBO J. 
Jul;9(7):2185-95. 
 
Scholer HR, Ruppert S, Suzuki N, Chowdhury K, Gruss P.1990. New type of POU 
domain in germ line-specific protein Oct-4. Nature. 344(6265):435-9. 
 
Schartl M. A comparative view on sex determination in medaka. Mech Dev. 121 (7-
8):639-45. Review. 
 
Selman K., Wallace RA., Sarka A, and Qi XP. 1993. Stages of oocyte development in 
the zebrafish, Danio rerio. Jounal of Mophology 218: 203-224. 
 
Soyal SM, Amleh A, Dean J. 2000. FIGalpha, a germ cell-specific transcription factor 





Slanchev K, Stebler J, de la Cueva-Mendez G, Raz E. 2005. Development without 
germ cells: the role of the germ line in zebrafish sex differentiation. Proc Natl Acad 
Sci U S A.102(11): 4074-9 
 
Solnica-Krezel L, Schier AF, Driever W. 1994. Efficient recovery of ENU-induced 
mutations from the zebrafish germline. Genetics. 136(4):1401-20. 
 
Song JL, Wessel GM. 2005 Feb; How to make an egg: transcriptional regulation in 
oocytes. Differentiation. 73(1):1-17. Review. 
 
Spargo S.C., Hope R.M. 2003. Evolution and momenclature of the zona pellucida 
gene family. Biol Reprod. 68, 358-362. 
 
Spitsbergen JM, Tsai HW, Reddy A, Miller T, Arbogast D, Hendricks JD, Bailey GS. 
2000. Neoplasia in zebrafish (Danio rerio) treated with N-methyl-N'-nitro-N-
nitrosoguanidine by three exposure routes at different developmental stages. 
Toxicol Pathol. 28(5):716-25. 
 
Spitsbergen JM, Kent ML. 2003. The state of the art of the zebrafish model for 
toxicology and toxicologic pathology research--advantages and current limitations. 
Toxicol Pathol. 31 Suppl:62-87. Review. 
 
Stein P, Svoboda P, Schultz RM. 2003. Transgenic RNAi in mouse oocytes: a simple 
and fast approach to study gene function. Dev Biol. 256(1):187-93. 
 
Stemple DL. 2004. TILLING--a high-throughput harvest for functional genomics. 
Nat Rev Genet. 5(2):145-50. Review. 
 
Stern HM, Zon LI. 2003 Jul; Cancer genetics and drug discovery in the zebrafish. 
Nat Rev Cancer. 3(7):533-9. Review. 
 
Sterneck E, Tessarollo L, Johnson PF. 1997. An essential role for C/EBPbeta in 
female reproduction. Genes Dev. 11(17):2153-62. 
 
Stuart GW, McMurray JV, Westerfield M. 1988. Replication, integration and stable 
germ-line transmission of foreign sequences injected into early zebrafish embryos. 
Development. 103(2):403-12. 
 
Sugiyama H., Yasumas S., Murata K., Iuchi I. and Yamagami K. 1998; The third egg 
envelope subunit in fish: cDNA cloning and analysis, and gene expression . 
Development , Growth and Differentiation 40: 35-45. 
 
Sugiyama H., Iuchi I. 2000; Molecular structure and hardening of egg envelope in fish. 
Recent Res. Dev. Comp. Biochem. Physiol. 1:139-161. 
 
Szelei J, Varadi L., Muller F., Erdelyi F., Orban L., Horvath L., Duda E., 1994. 
Liposome-mediated gene transfer in fish embryos. Transgenic Res. 3: 116-119. 
 
Takahashi H., et al. 1977; Juvenile hermaphroditism in the zebrfish Brachydanio rerio. 




Takasaki N, McIsaac R, Dean J. 2000. Gpbox (Psx2), a homeobox gene preferentially 
expressed in female germ cells at the onset of sexual dimorphism in mice. Dev Biol. 
223(1):181-93. 
 
Takeuchi Y, Yoshizaki G, Takeuchi T. 2003. Generation of live fry from 
intraperitoneally transplanted primordial germ cells in rainbow trout. Biol Reprod. 
69(4):1142-9.  
 
Trichet, V., Buisine, N., Mouchel, N., Moran, P., Pendas, A.M., Le Pennec, J.P., 
Wolff, J. 2000; Genomic analysis of the vitellogenin locus in rainbow trout 
(Oncorhynchus mykiss) reveals a complex history of gene amplification and 
retroposon activity. Mol. Gen. Genet. 263: 828-837 
 
Thummel R, Burket CT, Brewer JL, Sarras MP Jr, Li L, Perry M, McDermott JP, 
Sauer B, Hyde DR, Godwin AR. 2005. Cre-mediated site-specific recombination in 
zebrafish embryos. Dev Dyn. 233(4):1366-1377 
 
Thyagarajan B, Guimaraes MJ, Groth AC, Calos MP. 2000 Feb 22; Mammalian 
genomes contain active recombinase recognition sites. Gene. 244(1-2):47-54. 
 
Tong Y., Shan T., Poh Y.K., Yan T., Wang H., Lam S.H. and Gong Z.Y. 2004. 
Molecular cloning of zebrafish and medaka vitellogenin genes and comparison of 
their expression in response to 17beta-estradiol. Gene (17); 328:25-36. 
 
Tsai Huai-Jen. 2003. Transgenic fish: researches and applications. J. Fish. Soc. 
Taiwan, 30(4): 263-277.  
 
Uchida D, Yamashita M, Kitano T, Iguchi T. 2002. Oocyte apoptosis during the 
transition from ovary-like tissue to testes during sex differentiation of juvenile 
zebrafish. J Exp Biol. 205(Pt 6):711-718. 
 
Uchida D, Yamashita M, Kitano T, Iguchi T. 2004. An aromatase inhibitor or high 
water temperature induce oocyte apoptosis and depletion of P450 aromatase activity 
in the gonads of genetic female zebrafish during sex-reversal. Comp Biochem Physiol 
A Mol Integr Physiol. 137(1):11-20. 
 
Udvadia AJ, Linney E. 2003. Windows into development: historic, current, and future 
perspectives on transgenic zebrafish. Dev Biol. 256(1):1-17. Review. 
 
Ueno T, Yasumasu S, Hayashi S, Iuchi I. 2004. Identification of choriogenin cis-
regulatory elements and production of estrogen-inducible, liver-specific transgenic 
Medaka. Mech Dev. 121(7-8):803-15. 
 
Van den Belt K, Verheyen R, Witters H. 2003. Effects of 17alpha-ethynylestradiol in 
a partial life-cycle test with zebrafish (Danio rerio): effects on growth, gonads and 
female reproductive success. Sci Total Environ. 309(1-3):127-37. 
 
Vo LH, Yen TY, Macher BA, Hedrick JL.2003. Identification of the ZPC 
oligosaccharide ligand involved in sperm binding and the glycan structures of 




Wahli, W.1988. Evolution and expression of vitellogenin genes. Trends Gen. 4: 227-
232. 
 
Wallace RA, Selman K.1981. Oogenesis in Fundulus heteroclitus. II. The transition 
from vitellogenesis into maturation.Gen Comp Endocrinol. 42(3):345-54. 
 
Wan H, Korzh S, Li Z, Mudumana SP, Korzh V, Jiang YJ, Lin S, Gong Z. 2006.  
Analyses of pancreas development by generation of gfp transgenic zebrafish using an 
exocrine pancreas-specific elastaseA gene promoter. Exp Cell Res. 312(9):1526-39. 
 
Wang H., and Gong Z.Y. 1999. Characterization of two zebrafish cDNA clones 
encoding egg envelope proteins ZP2 and ZP3. Biochim. Biophysi. Acta 1446, 156-
160. 
 
Wang H., 2004. Characterization of zebrafish vitellogenin gene family for potential 
development of receptor-mediated gene transfer method. PhD thesis. 
 
Wang H, Tan JT, Emelyanov A, Korzh V, Gong Z. 2005. Hepatic and extrahepatic 
expression of vitellogenin genes in the zebrafish, Danio rerio. Gene. 356:91-100. 
 
Ward AC, Lieschke GJ. 2002. The zebrafish as a model system for human disease. 
Front Biosci. 7:d827-33. Review. 
 
Wang S.C, Tsao C.C., Huang F.L. 1996; Molecular cloning, structural analysis and 
expression of Carp ZP3 gene. Molecular Reprod & Develop. 44:295-304.    
 
Wassarman PM. 1988. Fertilization in mammals. Sci Am. 259(6):78-84. Review. 
 
Wassarman PM. 1988Zona pellucida glycoproteins. Annu Rev Biochem. 57:415-42. 
Review. 
 
Wassarman PM., Jovine L. and Litscher ES. 2004; Mouse zona pellucida genes and 
glycoproteins. Cytogenet Genome Res. 105:228-234. 
 
Weber LP, Hill RL Jr, Janz DM. 2003. Developmental estrogenic exposure in 
zebrafish (Danio rerio):II. Histological evaluation of gametogenesis and organ 
toxicity. Aquat Toxicol. 63(4):431-46. 
 
Weidinger G, wolke U, Koprunner M, Kinger M, Raz E., 1999. Identification of 
tissues and patterning events required for distinct steps in early migration of zebrafish 
primordial germ cells. Development 126: 5295-5307. 
 
Weidinger G, Stebler J, Slanchev K, Dumstrei K, Wise C, Lovell-Badge R, Thisse C, 
Thisse B and Raz E. 2003. Dead end, a novel vertebrate germ plasm component, is 
required for zebrafish primordial germ cell migration and survival. Curr. Biol. 13: 
1429-1434. 
 
Xiao T, Roeser T, Staub W, Baier H. 2005. A GFP-based genetic screen reveals 





Yamashita M. 2003. Apoptosis in zebrafish development. Comp Biochem Physiol B 
Biochem Mol Biol. 136(4):731-42. Review. 
 
Yamamoto, T.  Sex differentiation. In: Hoar, W.S., Randell, D.J. (Eds.), 1969. Fish 
physiology (III). Academic Press, New York, pp.117-175. 
 
Yoshida T, Ohnami S, Aoki K. 2004. Development of gene therapy to target 
pancreatic cancer. Cancer Sci. 95(4):283-9. Review. 
 
Yu J, Deng M, Medvedev S, Yang J, Hecht NB, Schultz RM. 2004. Transgenic 
RNAi-mediated reduction of MSY2 in mouse oocytes results in reduced fertility. Dev 
Biol. 268(1):195-206. 
 
Yu Y, Bradley A. 2001.Engineering chromosomal rearrangements in mice. 
Nat Rev Genet. 2(10):780-90. Review. 
 
Zeng S., Gong Z. 2002; Expressed sequence tag analysis of expression profiles of 
zebrafish testis and ovary. Gene 294: 45-53. 
 
Zeng Z, Shan T, Tong Y, Lam SH, Gong Z. 2005.Development of estrogen-
responsive transgenic medaka for environmental monitoring of endocrine disrupters. 
Environ Sci Technol. 39 (22):9001-8. 
 
Zhang Y, Riesterer C, Ayrall AM, Sablitzky F, Littlewood TD, Reth M. 1996. 
Inducible site-directed recombination in mouse embryonic stem cells. Nucleic Acids 
Res. 24(4): 543-8. 
 
Zhang DE, Zhang P, Wang ND, Hetherington CJ, Darlington GJ, Tenen DG. 1997. 
Absence of granulocyte colony-stimulating factor signaling and neutrophil 
development in CCAAT enhancer binding protein alpha-deficient mice. Proc Natl 
Acad Sci U S A. 94(2):569-74. 
 
Zhu X, Naz RK.1999. Comparison of ZP3 protein sequences among vertebrate 
species: to obtain a consensus sequence for immunocontraception. Front Biosci. 
4:D212-5. Review. 
 
Zon LI and Peterson RT. 2005 Jan; In vivo drug discovery in the zebrafish. Nat Rev 
Drug Discov. 4(1):35-44. Review. 
 
 146
